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ABSTRACT

COHERENT X-RAY AND LASER SPECTROSCOPY
MEASUREMENTS OF DIFFUSION IN
CONCENTRATED α-CRYSTALLIN SOLUTIONS

V.N.C. Karunaratne, Ph.D.
Department of Physics
Northern Illinois University, 2015
Laurence Lurio, Director

The mammalian eye lens is composed of a concentrated solution of water-soluble
proteins called crystallins. α-Crystallin, the most abundant protein found in the lens,
plays a crucial role in maintaining lens transparency and lens accommodation. However, α-crystallins along with other ocular proteins suffer from irreversible processes
such as oxidation. One cause of oxidation is radiation-induced radical formation
which alters the inter-molecular interactions, thereby degrading the normal function
of ocular proteins.
The main goal of this thesis is to quantify molecular-scale dynamics of concentrated solutions of α-crystallins using coherent X-rays and visible laser light. I believe
a detailed analysis of the dynamics pertaining to α-crystallin will provide the foundation to understand molecular-scale mechanisms that lead to conditions like cataract
and presbyopia. I explore the dynamics of concentrated α-crystallin solutions by
measuring diffusive motion over a range of length scales using dynamic light scattering (DLS) and X-ray photon correlation spectroscopy (XPCS). To a certain extent,
the dynamical properties of crystallins obtained in this manner are consistent with

established theories in colloidal physics. However, there are some deviations, which I
will address in this thesis.
In terms of X-ray data, I employed a new, efficient photon correlation technique to
obtain the best possible signal; furthermore, this technique is embedded in a standalone software program that has the ability to provide real-time results quickly and
efficiently with the help of high-performance computing resources available at Northern Illinois University (NIU). The technique has potential to be used by the coherent
X-ray spectroscopy community in the future. In addition, by using X-ray scattering
data, I probe potential modifications and/or damage effects on α-crystallins due to
radiation exposure. The damage analysis methodology described in this thesis will
be an important check for future XPCS experiments on biological systems. During
the entire research project two X-ray detectors were used to collect data. Both are
based on a quasi-column-parallel, charge-coupled device (CCD) architecture which
had identical back-end electronics and control circuits but differed mainly in terms of
their size and data readout mode. In this thesis, I focus on characterizing and optimizing the aforementioned X-ray detectors for XPCS measurements on α-crystallins.

NORTHERN ILLINOIS UNIVERSITY
DE KALB, ILLINOIS
MAY 2015

COHERENT X-RAY AND LASER SPECTROSCOPY
MEASUREMENTS OF DIFFUSION IN
CONCENTRATED α-CRYSTALLIN SOLUTIONS

BY
V.N.C. KARUNARATNE
c 2015 V.N.C. Karunaratne

A DISSERTATION SUBMITTED TO THE GRADUATE SCHOOL
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE
DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHYSICS

Dissertation Director:
Laurence Lurio

ACKNOWLEDGEMENTS
First I would like to thank my thesis advisor, Dr. Laurence Lurio, for guidance
during my graduate student career. I am equally grateful to my co-advisor, Dr.
George Thruston of Rochester Institute of Technology (RIT), for sharing his expert
knowledge on the biophysics of the vertebrate eye as well as providing me guidance
during sample preparation at RIT.
I also take this opportunity to thank Alec Sandy, Suresh Narayanan and John
Weizeorick at the Advanced Photon Source (APS) for their support and contribution
during data collecting at the APS. I would also like to thank NIU computer science
faculty and staff, especially Nick Karonis, John Winans and Jon Lahuta for helping with issues related to software development and high-performance computing.
Similarly I would like to thank Dr. Linda Yasui, Dr. Elizabeth Gaillard, and her
graduate student Kalyan Karumanchi for their generous support and providing access to analytical instruments in their respective laboratories at NIU. Also I would
like to thank my former and present colleagues, namely Janae DeBartolo, Justin
Berry, Curt DeCaro, Sambunath Bera and Preeti Vodnala, who collaborated with
me in this project. Finally I would like to extend my sincere thanks the Dr. Omar
Chmaissem and Dr. Carol Thompson for acting as members in my thesis defense
committee.
This project was funded by fellowships through the NIU Nanoscience Institute
and the Argonne National Laboratory, IL.

DEDICATION

To my family: Thank you for your patience.

TABLE OF CONTENTS

Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

LIST OF FIGURES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

viii

LIST OF APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xii

Chapter
1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.1

1

α-Crystallin: An Important Ocular Protein . . . . . . . . . . . . . . . . .

4

2 PREPARATION AND CHARACTERIZATION OF
α-CRYSTALLIN SOLUTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2.1

Preparation of α-Crystallin Solutions . . . . . . . . . . . . . . . . . . . . . .

9

2.1.1

Homogenizing and Centrifugation. . . . . . . . . . . . . . . . . . . .

9

2.1.2

Size-Exclusion Chromatography . . . . . . . . . . . . . . . . . . . . .

12

2.1.3

Measuring Concentration of α-Crystallins . . . . . . . . . . . . .

14

2.1.4

Concentrating α-Crystallin Solutions . . . . . . . . . . . . . . . . .

16

Characterization of α-Crystallin Solutions . . . . . . . . . . . . . . . . . . .

18

2.2.1

SDS-PAGE: Purity of α-Crystallins . . . . . . . . . . . . . . . . . .

18

3 CHARACTERIZATION OF A QUASI-COLUMN-PARALLEL X-RAY
AREA DETECTOR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

21

2.2

3.1

Charge-Coupled Devices : An Overview . . . . . . . . . . . . . . . . . . . .

22

3.2

The ANL-LBNL FastCCD Project . . . . . . . . . . . . . . . . . . . . . . . .

23

3.3

Analysis of Detector Performance from X-ray Scattering Data. . . . .

27

3.4

Impact of FastCCD Detector Performance on Scientific Objectives .

34

v
Chapter
3.5

Page
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

4 THEORETICAL AND EXPERIMENTAL DETAILS . . . . . . . . . . . . . .

40

4.1

Theoretical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

40

4.1.1

Beam Coherence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

40

4.1.2

Signal-to-Noise Ratio (SNR) . . . . . . . . . . . . . . . . . . . . . . .

43

4.1.3

Synchrotron Radiation: The Way to Coherent X-Rays . . . . .

45

4.1.4

X-Ray Scattering Cross-Section . . . . . . . . . . . . . . . . . . . . .

47

4.1.5

Correlating Photons: XPCS and Speckle Visibility. . . . . . . .

48

4.1.6

Damage Due to X-Rays: Absorbed Energy Dose . . . . . . . . .

52

Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

4.2.1

Synchrotron Small-Angle X-Ray Scattering (SAXS) . . . . . . .

59

4.2.2

X-Ray Photon Correlation Spectroscopy (XPCS). . . . . . . . .

61

4.2.2.1

Data Analysis and the Droplet Algorithm . . . . . . .

63

Dynamic Light Scattering . . . . . . . . . . . . . . . . . . . . . . . . .

67

4.2.3.1

Experimental Details . . . . . . . . . . . . . . . . . . . . . .

68

5 RESULTS AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . .

71

4.2

4.2.3

5.1

Results from α-Crystallin Measurements . . . . . . . . . . . . . . . . . . . .

71

5.1.1

Synchrotron Small-Angle X-Ray Scattering Results . . . . . . .

72

5.1.2

Dynamic Light Scattering Results . . . . . . . . . . . . . . . . . . .

79

5.1.3

X-Ray Photon Correlation Spectroscopy Results . . . . . . . . .

82

5.1.3.1

Approaching the Glass Transition . . . . . . . . . . . . .

86

X-Ray Damage Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . .

93

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

99

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

102

5.1.4
5.2

vi
APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

112

LIST OF TABLES

Table
5.1

Page
α-Crystallin Samples and their Information Part I.(Sample Temperature 250 C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

89

α-Crystallin Samples and their Information Part II.(Sample Temperature 250 C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

91

α-Crystallin Fit Parameters for the Correlation Functions. (Sample
temperature 250 C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

92

A.1 List of Chemicals and their Mass Needed to Make Four Liters of
50 mM Phosphate Buffer at 8.6 pH. . . . . . . . . . . . . . . . . . . . . . . .

113

5.2
5.3

LIST OF FIGURES

Figure

Page

1.1

Components of a vertebrate eye . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.2

The tetrahedral 3-layer model for the quaternary structure of αcrystallin, proposed by Tardieu and co-workers . . . . . . . . . . . . . . .

5

Schematic of the size-exclusion chromatography column at Rochester
Institute of Technology, New York. . . . . . . . . . . . . . . . . . . . . . . . .

13

Typical UV chromatogram obtained from a size-exclusion chromatography chart recorder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

13

2.3

UV absorbance spectrogram for α-crystallins . . . . . . . . . . . . . . . . .

16

2.4

Top view of an SDS-PAGE panel showing the two distinct molecular
weight markers of α-crystallin subunits. . . . . . . . . . . . . . . . . . . . .

20

3.1

FastCCD1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

3.2

FastCCD2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

27

3.3

Photon event histogram for ANL-LBNL X-ray area detector . . . . . .

28

3.4

Position of the single-photon peak vs. incident photon energy . . . .

29

3.5

Energy resolution of the FastCCD1 vs. incident photon energy.. . . .

30

3.6

Droplet charge distribution as a function of bias voltage. . . . . . . . .

32

3.7

Energy resolution as a function of the droplet size. . . . . . . . . . . . . .

33

3.8

Droplet size distribution as a function of number of pixels found in
a droplet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

33

Comparison of small-angle X-ray scattering from PS-latex spheres.

34

2.1
2.2

3.9

ix
Figure

Page

3.10 Comparison of XPCS autocorrelation functions from FastCCD1 and
Dalsa cameras. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

36

3.11 Spatial correlation functions for latex microspheres in glycerol at
different temperatures.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

4.1

g2 (τ ) as a function of delay time for latex microspheres . . . . . . . . .

50

4.2

XPCS beamline setup at 8-ID-I. . . . . . . . . . . . . . . . . . . . . . . . . .

54

4.3

Overlapping PI-CCD camera positions showing the peak in the
small-angle X-ray scattering configuration. . . . . . . . . . . . . . . . . . .

60

4.4

8-ID-I beam line setup with major components identified.. . . . . . . .

62

4.5

Spatial autocorrelation function for a latex microsphere sample at
−2.20 C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

65

4.6

Data analysis procedure using droplet algorithm . . . . . . . . . . . . . .

66

4.7

Dynamic light scattering setup at NIU. . . . . . . . . . . . . . . . . . . . .

69

5.1

Raw SAXS data, before and after buffer subtraction. . . . . . . . . . . .

73

5.2

Time-averaged intensity profiles for α-crystallin at 250 C . . . . . . . .

74

5.3

Static structure factor, S(q) profiles for α-crystallin samples shown
in Fig. 5.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

75

Poly-dispersed hard sphere fit for the central part of the I(q) profile
for a concentrated α-crystallin sample . . . . . . . . . . . . . . . . . . . . .

77

Poly-dispersed hard sphere fit for the central part of the I(q) profile
for α-crystallin sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

78

5.6

Volume fraction vs. peak position, Q for α-crystallin at 250 C. . . . .

78

5.7

g20 vs. delay time (ms) from DLS measurements of α-crystallin at
250 C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

80

Γ vs. q 2 from DLS measurements for a α-crystallin (φ = 0.008) for
three temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

81

5.4
5.5

5.8

x
Figure

Page
Γ vs. q 2 from DLS measurements for concentrated α-crystallin
(φ = 0.25) for three temperatures . . . . . . . . . . . . . . . . . . . . . . . . .

82

5.10 Correlation function (g20 ) vs. delay time for 8% volume fraction latex
in glycerol taken at two different temperatures. . . . . . . . . . . . . . .

84

5.11 Correlation function (g20 ) vs. delay time for α-crystallin with
φ = 0.57 at 250 C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

85

5.12 Correlation function (g20 ) vs. delay time for α-crystallin with
φ = 0.66 at 250 C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

86

5.13 Normalized τ q 2 as a function of α-crystallin volume fraction, φ, close
to room temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

88

5.14 I(q) vs. q as a function of total X-ray exposure. . . . . . . . . . . . . . .

94

5.15 Correlation function of α-crystallins . . . . . . . . . . . . . . . . . . . . . . .

95

5.16 SDS-PAGE panel for α-crystallin. . . . . . . . . . . . . . . . . . . . . . . . .

96

5.17 Relaxation time vs. absorbed dose for α-crystallins close to room
temperature.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

97

C.1 A detailed block diagram showing the specific components of the
fastCCD1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

117

D.1 A detailed block diagram showing the specific processes from data
collection to data display from APS end to NIU end. . . . . . . . . . . .

119

E.1 g2 (τ ) vs. delay time for α-crystallin sample, approximately 340
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

121

E.2 g2 (τ ) vs. delay time for α-crystallin sample, approximately 335
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

121

E.3 g2 (τ ) vs. delay time for α-crystallin sample, approximately 337
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

122

E.4 g2 (τ ) vs. delay time for α-crystallin sample, approximately 339
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

122

5.9

xi
Figure

Page

E.5 g2 (τ ) vs. delay time for α-crystallin sample, approximately 307
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

123

E.6 g2 (τ ) vs. delay time for α-crystallin sample, approximately 350
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

123

E.7 g2 (τ ) vs. delay time for α-crystallin sample, approximately 343
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

124

E.8 g2 (τ ) vs. delay time for α-crystallin sample, approximately 317
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

124

E.9 g2 (τ ) vs. delay time for α-crystallin sample, approximately 307
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

125

E.10 g2 (τ ) vs. delay time for α-crystallin sample, approximately 307
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

125

E.11 g2 (τ ) vs. delay time for α-crystallin sample, approximately 307
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

126

E.12 g2 (τ ) vs. delay time for α-crystallin sample, approximately 345
mg/ml . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

126

LIST OF APPENDICES

Appendix

Page

A RECIPE FOR THE PHOSPHATE BUFFER . . . . . . . . . . . . . . . . . . . .

112

B SOLUTIONS REQUIRED FOR SDS-PAGE . . . . . . . . . . . . . . . . . . . . .

114

C BLOCK DIAGRAM FOR FASTCCD1 . . . . . . . . . . . . . . . . . . . . . . . . .

116

D PROCESSING OF PHOTON DATA . . . . . . . . . . . . . . . . . . . . . . . . . .

118

E INTENSITY AUTOCORRELATION FUNCTIONS OF α-CRYSTALLIN
SAMPLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

120

CHAPTER 1
INTRODUCTION

The eye is an extremely fascinating organ in living beings. Our ability to see
the outside world is mainly due to the intricate functionality of the eye. Light
reflected from an object is transmitted via the cornea and then to the lens of the
eye, which focuses it onto the retina, a light-sensitive tissue at the back of the eye.
The photoreceptors in the retina convert light into electric impulses which are then
relayed to the brain via the optic nerve, resulting in an image of the object. The lens
is an important part of the vertebrate eye (Fig. 1.1). Typically for an adult human
it is about 9mm in diameter and 4mm in thickness. It contains around 1000-3000
layers of long, ribbonlike lens fiber cells that are arranged in concentric shells to
form a flattened spheroid [1,2].
Inside these lens fibers, water-soluble proteins called crystallins pack tightly in
a matrix pattern due to their short-range interaction [3], thus providing a high
physiological protein concentration (usually in excess of 350mg/ml). This results
in a higher refractive index gradient in the lens that is crucial for visible light

Figure 1.1: Components of a vertebrate eye [2].
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transmission and focusing. In terms of protein concentration, there is no other tissue
in the human body that is comparable to the eye lens, where crystallins account for
about 70% of the total tissue mass [4].
The three major crystallins found in the eye lens are called α-, β- and γ- crystallins. There are many other crystallins present in the lens but at very low concentrations (we will not discuss those crystallin species in this thesis). The three major
ocular crystallins have been investigated thoroughly; their secondary structure, biochemical and physiological properties and function have been studied in detail. As
a result, in this thesis we provide a brief summary of the physical properties of the
three main types of crystallins with special attention on α-crystallins, since it is the
main interest in this Ph.D. work. However, for more details about these crystallins,
the interested reader is directed to several well-written review articles on ocular
crystallins [3, 5, 6].
The smallest of the three crystallins, the monomeric γ-crystallins, are globular
with a molecular weight of 20kDa, known to have short-range attractive forces
between molecules [7]. In the case of β-crystallins, their subunits form oligomers
with a low molecular weight species (βL , 60kDa) and a high molecular weight
species (βH , 160kDa). Last, α-crystallins are the most abundant as well as the
largest of all with polydispersed globular oligomers (20nm in diameter) consisting
anywhere between 40-60 subunits with molecular weight ranging from 800-1200 kDa.
In their native form α-crystallins comprise two homologous subunits termed αA- and
αB-crystallin, with 173 and 175 amino acid residues respectively. The molecular
weight of these two subunit species is approximately 20 kDa. The ratio of αA to
αB is approximately 3:1 in the native α-crystallin oligomeric complex [8]. Due to
its minimal protein turnover, crystallins are considered to be some of the longest
lived proteins in the human body. Their long lifetime comes at a price, meaning

3
it is inevitable that crystallins undergo certain irreversible modifications to their
structure, modifications such as photo-oxidization due to UV radiation, radiationinduced radical formation, age-dependent truncation, among others [5, 6, 9]. These
modifications alter protein-protein interactions, consequently destabilize and reduce
the solubility of native crystallins, making the eye extremely susceptible to ocular
diseases like presbyopia and cataract.
Presbyopia is the inability to focus light directly onto the retina due to the stiffness of the lens and is usually associated with age-related changes. As mentioned
earlier with aging, irreversible processes like oxidation and radiation-induced aggregation change the way crystallins interact, thereby altering viscoelastic properties
of the lens leading to lens stiffening [10]. Cataract or lens opacification is due to
changes in size (polymeric aggregation), charge, solubility and interactions of crystallins. Both presbyopia and cataract have high occurrence rates, especially in older
adults. For example, it is a well-known fact that by age 80 more than 150 million Americans either have cataract or have had a cataract surgery [11]. Thus it
is important to determine how these diseases can be quantitatively related to lens
biophysics at the molecular level. One method of quantifying this is to study their
dynamics in order to determine lens properties and thereby shed light on molecularscale mechanisms and interactions related to crystallins.
α-Crystallins are not strictly structural proteins (like γ- and β-crystallins) but
possess several key features that make them extremely important proteins beyond
the research field of lens biophysics. Thus it has become a primary focus of this
thesis. In the next section, I will elaborate on these key features of α-crystallins and
later put forward a novel technique to characterize their dynamics.

4

1.1

α-Crystallin: An Important Ocular Protein

In 1894 α-crystallin was successfully isolated from bovine lenses by Mörner [12];
however, it took another 90 years to determine the amino acid sequences of αA
and αB, the two subunits of α-crystallin [13]. For many decades, α-crystallin was
thought to be only found in the ocular lens of vertebrates, but later on it was shown
by various research groups [14, 15] that αB-crystallin subunits existed outside the
lens, especially in the heart, the kidneys and skeletal muscles. Circular dichroism
spectroscopic evaluation of secondary structure has shown that α-crystallin mainly
consists of β-sheets. β-sheets comprises two peptide strands running in the same
direction held together by hydrogen bonding between the strands [16]. Unfortunately, the quaternary structure of α-crystallin is still unknown, even though many
attempts have been made to crystallize them. It is believed that this difficulty is
mainly due to the poly-dispersity of α-crystallin oligomeric complexes [17]. Though
several models [18, 19, 20] for the quaternary structure of α-crystallin have been
proposed (Fig. 1.2) during the years with some success, there is no substantial
agreement which one is correct or at least close to reality. This has severely hampered a thorough understanding of the interactions between eye lens proteins and
their molecular-scale mechanisms.
In 1982, Ingolia and Craig [21] found that α-crystallins belong to the small
heat-shock protein (sHSP) family, and a decade later J. Horwitz demonstrated that
α-crystallin is a molecular chaperone [22], an important function crucial to maintaining lens integrity and transparency. For example, with aging, older proteins
are more susceptible to denaturing and aggregation. Uncontrolled aggregation of
these proteins in the lens inevitably results in increased light scattering and blurred
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Figure 1.2: The tetrahedral 3-layer model for the quaternary structure of αcrystallin, proposed by Tardieu and co-workers.
vision (cataract). However, because of its chaperone property, α-crystallins bind
selectively to partially denatured proteins thereby reducing the possibility of nonspecific aggregation of ocular proteins [23]. Furthermore, Heys et al. [24] have
shown that there is a critical link between the α-crystallin content in the lens and
its flexibility. The study has shown that in humans usually after the age of 40,
the amount of α-crystallin decreases in the lens (due to the increase of insoluble
protein content), resulting in an increase in the lens stiffness. This finding along
with Horwitz’s discovery shows the critical role played by α-crystallin not only in
suppressing lens opacification but also in controlling the loss of accommodation of
the lens.
It is clearly evident that α-crystallin plays a vital role in maintaining the proper
function and transparency of the eye lens. As mentioned earlier, I believe that
studying the dynamics of α-crystallin by measuring diffusive motion at sample concentrations close to physiological conditions found in the lens will pave the way to
determine lens properties from the molecular to macroscopic scales as well as to
understand the interactions within these concentrated solutions.
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In this regard we employ two probing techniques to characterize protein dynamics over a wide range of length scales. In both methods coherent radiation is used
to illuminate the system under investigation and the scattered radiation results in a
time-varying intensity pattern that provides information on sample dynamics. The
two most notable methods are dynamic light scattering (DLS) and or photon correlation spectroscopy (PCS) [25, 26]. DLS is a well-established non-destructive method
that uses coherent laser scattering which enables the measurements of dynamics over
micron-length scales. DLS has been previously used by several groups to quantify
dynamics of various systems including concentrated colloidal suspensions [27], lens
protein homogenates [28], and α-crystallin [29] among other systems. The other
technique, relatively new, is the X-ray counterpart of DLS, known as X-ray photon
correlation spectroscopy (XPCS) [30, 31] which can probe motion over length scales
comparable to the size of individual proteins. XPCS is a flux-limited technique and
can only be conducted at synchrotron facilities. The technique was first successfully
realized in the early 1990s by Sutton et al. [32]; since then XPCS has been used to
study the dynamics of concentrated colloidal suspensions [33, 34], polymer systems
[35], and capillary wave dynamics at liquid surfaces [36].
Almost all the systems studied using XPCS are non-biological in nature. To the
best of our knowledge, XPCS has not been used to study biological systems such as
proteins and other macromolecules. The ability of X-rays to probe nanometer-length
scales provides an exciting new realm to study molecular-level systems. However,
caution must be taken when using X-rays to probe aqueous solutions containing proteins. For example, due to the high water content, protein molecules perform much
faster dynamics as well as suffer from free-radical-induced damage. Furthermore,
the smaller size of the proteins compared to colloids results in reduced scattered intensity, which is a drawback for an intensity-limited technique such as XPCS. These
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conditions are formidable challenges that hinder successful application of XPCS for
biological systems.
In this thesis, I have employed several techniques to overcome some of these
challenges and perform XPCS on α-crystallin solutions. An example is to use a
prototype megapixel CCD area detector [37] that is sensitive to single photons and
has a faster readout time, almost 100x faster than a commercially available detector.
The faster readout time and single-photon sensitivity of the detector are important
to study biological systems, for example, proteins in aqueous solutions. However,
because the detector is a prototype, I had to put considerable amount of time and
effort to characterize the prototype detector for low-intensity X-ray measurements.
This has been a major part of my Ph.D. research work. The characterized CCD
detector was used to measure diffusive dynamics of α-crystallins when the system
was probed by XPCS. The measurements were conducted at beamline 8-ID-I of the
Advanced Photon Source at Argonne National Laboratory near Chicago, IL. All the
experiments based on α-crystallins were done using crystallins obtained from bovine
bos taurus eye lenses. Bovine eye lens crystallins are homopolymers of the human
analogs and we believe the study of one set will lead to a good understanding of the
other.
As previously mentioned, due to the fact that XPCS is flux limited, we employ a
novel technique first described by us (DeCaro et al.) [38] to analyze data while optimizing the signal-to-noise ratio (SNR). Furthermore, since an intense X-ray beam
was used during the data collection, we accounted for the absorbed dose due to incident X-ray beam and took measures to mitigate X-ray-induced damage sustained
by α-crystallins as much as possible. In Chapter 2, I will provide a detailed description of the exact biochemical techniques used to isolate α-crystallins from bovine
eye lenses and their subsequent preparation for the scattering experiments. As de-
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scribed earlier, in Chapter 3 I will delve into characterization and optimization of a
new, quasi-column-parallel X-ray detector and a more modern, modified implementation of the same detector, both of which are commissioned at 8-ID-I. Chapter 4
will be the main experimental method section; as a result, in this chapter I will deal
with basic theories in coherence scattering, DLS, XPCS, optimizing beam line optics
in view of enhancing SNR, data collection, and processing and treatment using the
HPC (high-performance computing) cluster at Northern Illinois University. Chapter
5 will discuss analysis of data and interpretation of the results. In in the first part
of the chapter, XPCS and DLS results are described in terms of diffusive dynamics
of α-crystallins. From the results we observe that there is a distinct increase in the
relaxation time as sample concentration is increased. We account for this behavior
by considering that the concentrated protein solution behaves as a glassy material
with short range order. Additionally, in this section we have also accounted for
the dose absorbed by α-crystallins due to X-ray irradiation. Finally, I provide my
thoughts and suggestions for future work.

CHAPTER 2
PREPARATION AND CHARACTERIZATION OF
α-CRYSTALLIN SOLUTIONS

2.1

Preparation of α-Crystallin Solutions

As mentioned in the introduction, despite the ultimate goal of eventual application to the human eye lens proteins, the focus of the current thesis is on α-crystallin
isolated from young calf (bovine) eye lenses. The human and calf α-crystallin are
homopolymers and as such a study of one species lends a good understanding of the
other. It must be noted that during a period of six years, α-crystallin isolation and
concentration was done multiple times as the need arose to conduct experiments
with them. All the following procedures mentioned in this chapter were carried
out at Dr. George Thurston’s laboratory at the Department of Physics, Rochester
Institute of Technology (RIT), Rochester, New York.
In the following sections, we describe in detail the specific procedures/methods
that are followed to obtain α-crystallins.

2.1.1

Homogenizing and Centrifugation

Stir bars and containers made from both glass and ceramic used for protein
extraction were cleaned in an ultrasonic cleaner in 2% - 5% Alconox aqueous solution, with continuous agitation. The next stage of cleaning involves thoroughly
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rinsing with de-ionized water, again in an ultrasonic cleaner for 15min. Finally
the instruments and containers were kept dry inside the fume hood. All other instruments (scalpels, syringes, etc.) were designed for single use and soon after use
they were disposed of. As described above, special care was taken when isolating
α-crystallin mainly to minimize chemical and biological contamination as well as
photo-oxidation.
Eyeballs of young (< 3 months old) calves were freshly purchased from a New
England supplier and were subsequently stored at 40 C for not more than two days
until they were used for crystallin extraction. Young calf eyes were selected since
they are usually non-cataractous. Eyeballs were carefully dissected with a disposable
scalpel. For safety concerns I wore a pair of chain-mail gloves at all times when
using the sharp scalpel for dissection. Much of the ocular material found inside
the eye, including the vitreous humour, the optic nerve, and the zonules of Zinn,
were discarded as waste. The separated whole lenses were then rinsed thoroughly
with Milli-Q water to remove any unwanted material lying on the lens surface.
Afterwards, by using a simple pipette plunger tool [39], the peripheral part of the
lens (cortex) was separated from the central part of the lens (nucleus) for every
lens. The separation was easily done because of cold cataract phenomenon, the
phase separation of the nucleus from the cortex as a result of temperature reduction
in the lens. Since the lenses were initially kept at 40 C , cold cataract was observed
in all the lenses before separating out the cortex. The separated cortical material
was prepared for further processing while the lens nuclear material was weighed,
labeled and stored away in a freezer (at 40 C) for future research work.
Homogenizing of the cortical material was done using a manual method; a known
amount of cortical material was poured into a homogenization tube along with an
equal amount (by weight) of degassed 50mM phosphate buffer of pH 6.8. The
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phosphate buffer is essential to maintain protein consistency and the pH 6.8 is the
physiological pH ideal for maintaining the fragile structure of α-crystallin. Appendix
A lists the recipe used to prepare the phosphate buffer for our experiments. The
manual procedure for homogenizing includes the use of two types of pestles in a specific order. First, a slightly thinner pestle was used to break up ocular material into
smaller pieces. Afterwards a thicker one was used until I saw no clumpiness or graininess of the lens homogenate. (To my understanding there is no analytic method
to determine this other than by practice along with sharp observation). The slurry
homogenized in this way was foamy with no visible sedimentation. Afterwards, it
was poured into plastic centrifuge tubes for centrifugation. The procedure results in
separating out the insoluble heavy particulates found in lens membrane cytoplasm
from the total soluble crystallins.
The centrifugation of samples was done using a refrigerated super-speed centrifuge (Sorvall RC-5B refrigerated super-speed centrifuge, Thermo Scientific Inc.
USA) spinning at 15,000 RPM for no more than 2 hrs at a temperature of 40 C.
When placing the homogenate-filled tubes in the centrifuge, I always used identical
tubes having the same total weight as counterweights for optimal results. After
centrifugation, one can clearly see the insoluble fraction completely separated from
the soluble protein fraction and sedimented at the bottom of the tube. To ensure
complete removal of undesired insoluble particulates, the centrifugally separated soluble crystallin fraction was filtered through 0.45 µm pore size low-protein binding
acetate syringe filters (VWR International, USA). In between processing steps, soluble cyrstallin fractions filtered in this method were stored in amber glass bottles
and refrigerated at 40 C.
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2.1.2

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC), also known as gel-filtration chromatography, is a reliable method with very good reproducibility in separating proteins
according to their size. The SEC column is packed with porous gel beads having
a size distribution. When a mixture of different species is eluted through the SEC
column, the larger molecules see less space to move around and elute first. On the
other hand, smaller molecules see more space to move, thus they take a longer time
to elute and come out last from the SEC column.
The SEC gel column I utilized to isolate α-crystallins is based on the Sepharose
CL-6B agarose gel filtration base matrix (GE Healthcare - Amersham, UK) with
gel bead size ranging between 45µm to 154µm. Before introducing soluble protein fractions, 50mM phosphate buffer at pH 6.8 was run through the SEC gel
column to equilibrate the pH value throughout the entire system. Then 20ml of
centrifugally separated soluble protein was filtered with a 0.22 µm pore size Millex
GP syringe-driven filter unit (Millipore Company). The filtered fraction was then
eluted through the SEC gel column at a flow rate of 2.5ml/min. The largest proteins (i.e., α-crystallins) come out first, then β-crystallins and finally the smallest of
the three species, γ-crystallins. The eluant passes through a UV-VIS spectroscope
as it is pumped towards the collection carousel (Fig 2.1); the spectroscope illuminates the crystallin solution with 280nm UV radiation and measures the relative
absorbance above the buffer while a chart recorder illustrates the absorbance as it
elutes (Fig 2.2). As a result, an accurate recording of where on the carousel the
eluted from the column can be obtained.

13

Figure 2.1: Schematic of the size-exclusion chromatography column at Rochester
Institute of Technology, New York. Black lines indicate eluent paths; red lines
indicate control paths.

Figure 2.2: Typical UV chromatogram obtained from a size-exclusion chromatography chart recorder.
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2.1.3

Measuring Concentration of α-Crystallins

For applications involving proteins it is important to estimate the concentration
of a purified sample. Amino acids containing aromatic side chains (i.e., tyrosine,
phenylalanine and tryptophan) exhibit strong ultraviolet (UV) radiation absorption.
Consequently, proteins and peptides absorb UV radiation in proportion to their aromatic amino acid content and total concentration. Once an absorptivity coefficient
has been established for a given protein (with its fixed amino acid composition),
the protein concentration in solution can be calculated from its absorbance. The
absorbance is typically measured at 280nm in order to minimize interference from
other compounds on the final absorbance measured due to proteins. This method
is called UV spectrophotometry and was the preferred technique employed during
α-crystallin sample preparation and characterization.
Suppose a beam of monochromatic UV radiation of intensity, I0 , is incident on
the sample, then absorption takes place due to the aforementioned reasons and the
beam of radiation leaving the sample will have an intensity, I. The amount of
radiation absorbed (absorbance), A, is defined as,

A = − log

I
I0


.

(2.1)

Furthermore, Beer-Lambert law states that the absorbance is directly proportional to concentration of the sample, provided that measurements are made on the
same species using the same cuvette, that is,

A =  l c.

(2.2)
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where,
 is the molar extinction coefficient (l /mol cm).
l is the optical path length of the sample (cm).
c is the concentration of the solution (mg /ml).
For α-crystallins,  is 0.83 (l /mol cm) [40].
For protein concentration measurements, absorbance at 280nm was measured
relative to the absorbance of a phosphate buffer prepared without Dithiothreitol (DTT)
or any other preservatives. This was done to subtract the absorbance from the rest
of the components other than α-crystallins. I used a PerkinElmer LAMBDA 25
UV/Vis System for the above measurements. Furthermore, Beer-Lambert law is
most accurate between absorbance values between 0.05 to 1.0. Above 1.0, the measured absorbance tends to underestimate the real value. Below an absorbance of
0.05 many instruments are not accurate. For this reason special care was taken
to dilute the stock protein sample so that A at 280nm was always less than unity
(Fig 2.3). In such a case the resulting concentration value was multiplied by the
dilution factor to get the correct concentration value.
However, when measuring highly concentrated α-crystallin suspensions, even
after serial dilutions the UV spectroscopic method did not yield consistent concentration values. I believe the reason for this was the difficulty in making accurate
volume-based or weight-based measurements when the sample was very viscous and
hard to dissolve. As a result I employed an alternative technique, based on smallangle X-ray scattering data from α-crystallin samples to estimate their concentrations. Details of this technique are discussed elsewhere in this thesis.
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Figure 2.3: UV absorbance spectrogram for α-crystallins.

2.1.4

Concentrating α-Crystallin Solutions

α-Crystallin fractions isolated through size-exclusion chromatography were in a
diluted state; as a result this stock solution has to be concentrated to physiological
concentrations found in the eye lens. Concentration of the crystallins involves the
use of a device called the Amicon stirred cell, model 8400, with 400ml capacity
(Millipore Company, USA).
Before concentrating the stock solution, the initial amount of α-crystallins in it
was determined by UV spectrophotometry (Section 2.1.3). Then a specific volume
of the stock solution (about 100ml) was put in the Amicon device for concentration. The Amicon device has a magnetic stirring rod along with an ultrafiltration
membrane (regenerated cellulose 10000 MWCO - EMD, Millipore Inc., USA) at the

17
bottom of the device. First the device was pressurized to 40 psi using nitrogen gas
and then the stirring process initiated by placing the device on top of a magnetic
stirrer hot plate (heating was switched off). The mixing action forces the sample
through the membrane and removes the smaller buffer particulates while retaining
larger α-crystallin molecules. This procedure was continued till the original volume
reduced by around 90%; then more stock solution was added to the Amicon and
the same steps were followed until the final sample volume was very viscous. I
estimated the α-crystallin concentration of the final volume using UV spectrophotometry. Since the final sample volume was known, the total α-crystallin mass was
determined. (See Appendix C for an example calculation).
In the second stage of sample concentration, equal amounts (less than 4ml) of
the final volume from the Amicon were transferred to two centrifuge filter devices
(Amicon Ultra-4 , Millipore Company, USA).The tubes were then spun in a IEC
CENTRA-7R refrigerated centrifuge (Block Scientific Inc.) at a rate of 3500 RPM at
40 C. In order to achieve the desired final protein concentration, a known amount of
volume was centrifugally filtered out from the already viscous protein fraction. After
obtaining the desired α-crystallin concentration, the samples were transferred to
1.5ml Eppendorf tubes then sealed, covered with aluminum foil and kept refrigerated
at 40 C. Obtaining high-concentrated α-crystallin samples proved to be very difficult.
As more and more buffer was removed from the crystallin sample via centrifugation,
it became more viscous, resulting in almost gel-like consistency. At this stage it
was experimentally difficult to handle and even transfer samples from one container
to another, especially when they had to be loaded to capillary tubes for X-ray
measurements [41].
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2.2

Characterization of α-Crystallin Solutions

2.2.1

SDS-PAGE: Purity of α-Crystallins

SDS-PAGE is a routinely used method in biology and biochemistry to separate
proteins based on their primary structure or size. In this method the detergent,
sodium dodecyl sulfate (SDS), is used to dissolve the proteins and denature them
in a way that they no longer have any secondary, tertiary or quaternary structure
(only the primary amino acid structure is retained). In addition, all proteins have
a large negative charge after they are dissolved in a detergent.
PAGE (polyacrylamide gel electrophoresis) is a methodology where the proteins
are introduced to a polymer gel (polyacrylamide) that will allow different-sized proteins to move at different rates when an electric potential is applied to the two
ends of the gel. When running an SDS-PAGE, the proteins are never let to electrophorese so long that they actually reach the other side of the gel. The electric
current is turned off before that and the proteins are stained to see how far they
moved through the gel. The smaller proteins should have moved the farthest and
the larger proteins the shortest distance.
To check the purity of the isolated α-crystallin samples, I used the above SDSPAGE process. Since in this method proteins are separated by their size, for a pure
sample of α-crystallins, only the two subunits, namely α-A and α-B, should be observed. I used a Phast System (GE Healthcare) to conduct gel electrophoresis. First
the crystallin sample was diluted in a 10mM phosphate buffer to a concentration
around 2mg/ml; 65 µl of the diluted solution was mixed with 25 µl of 10% SDS, 5
µl mixture of 10% SDS, then mixture was heated to 1000 C for 5 minutes and kept
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aside to cool down back to room temperature at which point 5 µl of bromophenol
blue was added to the final mixture. (For details on the solutions needed for SDSPAGE, refer Appendix B.) Afterwards, the gel compartment of the Phast System
was cleaned and the electrodes were positioned in the correct configuration. Then
inside the gel compartment, a PhastGel Gradient gel strip (GE Healthcare) was
placed between two SDS buffer strips. Finally, the electrode assembly was lowered
and gently pressed down so that the electrodes were in good contact with the buffer
strips. Then 2 µl of the previously denatured mixture was introduced to one of
the SDS buffer strips. Capillary action allowed the sample to be drawn into the
buffer strip, at which point the gel compartment lid was closed and the system was
switched on. Forty-five minutes later the Phast System automatically switched off,
and the gel strip was taken out and stained in a Coomassie Blue solution for another
30 minutes. The unwanted stain was removed by a mixture of water, glacial acetic
acid, and methanol and finally the strip was put in a preserving solution of water,
glacial acetic acid and glycerol. A fully developed gel strip panel is shown in Fig 2.4.
In Fig 2.4, Lanes 01, 04 show molecular weight standards of known sizes. From
top to bottom the reference markers are as follows: α-lactalbumin 14.4kDa, trypsin
inhibitor 20.1kDa, carbonic anhydrase 30kDa, ovalbumin 45kDa, albumin 66kDa,
and phosphorylse b 97kDa. Lane 02 shows gel electrophoresis of an α-crystallin
sample that was exposed to an average dose of around 105 Gy. The time between
sample preparation and X-ray exposure was about 48 hours. For this lane gel
electrophoresis yields a distribution of several molecular weight markers indicating
that the X-ray-exposed crystallin sample has a distribution of higher molecular
weight species other than the expected αA and αB subunits. In lane 03, instead
of a distribution of molecular weights, there are only three distinct markers. From
the molecular weight markers from the references it is clear that the two distinct
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Figure 2.4: Top view of an SDS-PAGE panel showing the two distinct molecular
weight markers of α-crystallin subunits. This is a clear indication that the sample
in lane 03 is pure α-crystallin. Lanes 01 and 04 are molecular weight standards used
to measure the relative sizes of the proteins.

makers that are close together in lane 03 corresponds to αA and αB subunits. The
appearance of the third marker having a slightly higher molecular weight is puzzling.
It could be a modification of α subunits or a contaminant that is not due to X-ray
exposure. This test indicates that exposure to X-rays has resulted in extra molecular
weight species in lane 02 which are not present in lane 03, the sample that was not
exposed to X-rays. The probable cause for the extra molecular weight species could
be due to the radiation-induced aggregation of α-crystallins.

CHAPTER 3
CHARACTERIZATION OF A
QUASI-COLUMN-PARALLEL X-RAY AREA
DETECTOR

As discussed earlier, the main objective of this thesis is to quantify dynamics of
α-crystallin using coherent X-rays. Access to coherent X-rays has become possible
mainly because of the advent of high-intensity X-ray synchrotron sources over the
last three decades. During this time there have been numerous improvements made
to optimize source brilliance and beam line optics that have revolutionized areas
such as X-ray scattering and X-ray microscopy [42]. Equally important is the continuous progress made in X-ray detector development [43, 44, 45, 46, 47]. In this
chapter, I discuss two prototype X-ray area detectors based on the same, nearly
column (quasi)-parallel, charge-coupled device (CCD)-based architecture. The first
implementation of the detector was a 480 x 480 active pixel non-frame transfer
version. The later implementation had the same back-end electronics and readout controls but was larger with 960 x 960 active pixels and a frame transfer mode.
Hereafter in this thesis, the first implementation of the X-ray detector will be known
as FastCCD1 and the second implementation known as FastCCD2. With regards to
the two prototype detectors, my contribution was to characterize the two detectors
for their performance at the low photon limit, which is most relevant for scattering
for biological systems like α-crystallin solutions. The detectors were never tested
prior to their availability at 8-ID-I; as a result, it took considerable time and effort
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on my part to characterize them and report flaws to the engineers and scientists at
8-ID-I.
In the first part of this chapter, a brief overview about charge-coupled devices
(CCD) will be given. Further into this chapter, the general characteristics common
to both X-ray detectors will be addressed (note that the two X-ray detectors have
identical back-end electronics and control circuits) along with a discussion on techniques that I used to characterize and optimize the SNR of the detectors to better
suit X-ray photon correlation spectroscopic (XPCS) measurements.

3.1

Charge-Coupled Devices : An Overview

A charge-coupled device (CCD) is simply a very sensitive photon detector etched
onto a silicon wafer forming light-sensitive elements called pixels. When photons
are incident on the silicon wafer, the energy transfer generates electron hole pairs
in silicon. (For silicon, a mean energy per ion pair is 3.6 eV.) The resulting charge
accumulated on the device can be readout and converted to a digitized number measured in analog-to-digital units (ADU). From the ADUs a digital image of the light
falling on the CCD is constructed. This is the basic operation of a CCD. However,
the faster the pixel is read, the noisier the measurement.
An important characteristic of a CCD detector is the gain. Gain is defined as the
number of electrons converted into an ADU. Gain is used to optimize the dynamic
range of the detector. One way to measure the gain of a detector is from the slope
of the photon transfer curve. Such detector characteristics will be evaluated for the
FastCCD detectors in a later section of this chapter.
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3.2

The ANL-LBNL FastCCD Project

In early 2005, Howard Padmore (Advanced Light Source - ALS) and Peter Denes
(Lawrence Berkeley National Laboratory - LBNL) realized that the SNAP (Supernova Acceleration Probe) CCD had all the characteristics of a useful X-ray CCD.
Namely,
1. Back-illuminated CCD imager, higher optical quantum efficiency.
2. Thick (>200 µm) fully depleted substrate.
However, the SNAP CCD’s readout IC was too slow to be used as an X-ray CCD.
As a result, a custom readout IC which can perform analogue-to-digital conversions
(ADC) on 96 analog outputs was designed by the LBNL group. Since Argonne
National Laboratory (ANL) has expertise in design and fabrication of CCD-based
X-ray detectors, a collaboration was initiated between LBNL and ANL in order to
design and fabricate two variants of a fast X-ray area detector that is based on the
SNAP CCD architecture. As mentioned earlier, my involvement was to characterize
and figure out the operational limitations of the detectors for XPCS measurements.
The first implementation of the X-ray detector (known as FastCCD1) was commissioned in 2009. (See Appendix C, for a detailed block diagram.) FastCCD1
consists of 480 x 480, 30 µm square pixels fabricated on a thick (up to 250 µm),
high-resistivity silicon, non-frame transfer version with a capability of 200 Mpixels/sec (5 ms/frame) readout. In 2012-13, the second implementation of the X-ray
detector (known as FastCCD2) was operational. It has a maximum effective area of
960 x 960 chip size, 30 µm square pixels, and operates in the frame transfer mode
with a maximum readout speed of 1.5ms/frame.
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The most important feature of both these X-ray detectors is the fact that they
have multiple readout ports (quasi-parallel ADCs). In other words, collected charge
in a given exposure is measured, digitized and cleared for the next integration all in
about 10ms or less. This remarkable achievement in reducing time between successive images to 10ms range is highly desirable for XPCS measurements, especially
investigation of the so-called short-time β relaxation (rattling in the cage) in glasses
at the nanometer length scales.
The ability to measure short time scales compared to commercially available
X-ray detectors is one of the main reasons to utilize ANL-LBNL FastCCD X-ray
detectors for dynamic measurements of α-crystallins. Also, the crystallin samples are
at the appropriate concentration range such that their expected relaxation times are
both accessible by XPCS as well as the detectors. Furthermore, since the detectors
are two-dimensional (area) detectors, multi-speckle XPCS can greatly improve the
SNR over that obtained from a one-dimensional detector. Last, to my understanding
this is the first instance of using a quasi-column-parallel, two-dimensional X-ray
detector to exploit dynamics of biological systems at large Q. Fig. 3.1 shows a
photograph of the FastCCD1. I summarize some of the important characteristics of
the FastCCD1 and its more recent implementation, the FastCCD.
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Figure 3.1: FastCCD1. (Left Panel ) The back-end electronics, read modules, clock
modules, etc. (Right Panel ) The front end of the FastCCD1. The black circular cap
is to guard the CCD chip.
FastCCD1.
1. A quasi-column-parallel X-ray area detector, with 96 ADC readout ports and
6 fCRIC

1

readout modules that allow the detector to run up to 200 fps.

2. 480 x 480, 30 µm square pixels fabricated on a thick (up to 250 µm), highresistivity silicon.
3. Back illuminated and thick up to 250 µm.
4. Fully depleted high-resistivity silicon.
5. 5ms frame readout rate and a raw data transfer rate of 100MB/s.
6. Gain 23.7 e-/ADU (5-10 keV), 300 eV energy resolution, PSF (point spread
function) < 1 pixel.
1

2

Custom built ASIC with 16 inputs and 4 digital outputs.
PSF is an important parameter because of the fact that this CCD is basically fully depleted
with 250 µm. However, a concern is the charge spreading via diffusion during the transit from the
back side of the device to the CCD potential wells. But the measured PSF is within the acceptable
value range.
2
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FastCCD2.
1. 1920 x 960 pixels, 30µm x 30µm pixel size (960 x 960 X-ray sensitive area with
960 x 960 storage area in frame transfer mode).
2. 250µm thick, fully depleted, back-illuminated (Optimal QE).
3. 192 ADC readout ports (quasi-column-parallel readout) and 12 fCRIC readout
modules.
4. Raw data 400MB/s.
5. Region of interest (ROI) modes for faster readout. Eg:
1920 x 960 @ 50 fps

960 x 960 @ 100 fps

960 x 90 @ 1000 fps

Fig. 3.2 shows a photograph of the FastCCD2. Emphasis is given to characterizing FastCCD1, the first implementation of the FastCCD project. During a span
of 6 years, most of the data had been collected using the FastCCD1; as a result,
I believe a discussion on optimizing and characterizing essential parameters of the
FastCCD1 is useful in this thesis because to the best of my knowledge this would
be the first time a comprehensive account of the characterization of these two detectors has been documented, which may become important for future references.
Furthermore, it is justified by the fact that, the most recent version of the X-ray
detector, namely FastCCD2, has the same quasi-parallel architecture, identical control circuits, yet only differs in the effective area of usable chip and the data readout
method. So in the following section, I will analyze detector performance and limitations of FastCCD1 and extend those protocols to compare its performance with
the more modern version, FastCCD2.
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Figure 3.2: FastFCCD2.

3.3

Analysis of Detector Performance from X-ray
Scattering Data

Unless otherwise specified, the FastFCCD1 was run with a bias voltage of 40 V
and a vertical row-shift (Y ) time of 920 ns. Exposure times varied from 10 to 500ms
but were most often 10ms. The digitization time is ≈ 7ms and a readout time of
10ms. For each measurement, 256 dark data frames were acquired to produce an
average dark image which was subsequently subtracted from 512 or 768 data frames.
In addition, to eliminate noise fluctuations from the analysis, all dark-subtracted
pixels below 15 ADUs (approximately 3σDK , where σDK is the standard deviation
of the stack of dark images) were set to zero by a lower level discriminator (LLD).
Droplet analysis (discussed in the next chapter) was done to minimize file size as
well as to eliminate any noise fluctuations across the images. The performance of
the detector was measured using data collected from illumination by direct (elastic)
X-rays at 7.35 keV and from X-ray-induced fluorescence from either Fe (≈ 6.47
keV), Mo (≈ 17.4 keV) or Ag (≈ 22 keV) foils in order to vary the energy of the
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incident photons. X-rays were incident at low doses on the camera and produced
charge droplets. For the majority of the droplets size was comparable to 2 pixels.
The charge within connected regions of pixels (droplets) was then binned in software
and analyzed.
Fig. 3.3 shows a typical histogram of photon events versus analog-to-digital
units (ADUs) for Fe fluorescence photons. A clear peak is found near 200 ADUs
indicating a single photon within a droplet. Additional peaks at higher ADUs
indicated droplets of charge that include two and three overlapping photons. From
the first peak, we can obtain the peak position and width of the peak, which indicate
the energy response and energy resolution of the detector. Additionally, one can
measure the gain as the distance between the one-photon peak and the two-photon
peak and the offset as the distance between the one-photon peak and the origin.

Figure 3.3: Photon event histogram for ANL-LBNL X-ray area detector.
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Fig. 3.4 shows the variation of the peak position with incident photon energy.
As expected, the peak position varies linearly with the photon energy indicating a
proportionality of 36 ADUs per keV. Assuming 3.6 eV per charge pair, this implies
that one ADU represents approximately 7 electron hole pairs.

Figure 3.4: Position of the single-photon peak vs. incident photon energy.
Fig. 3.5 shows the energy resolution vs. photon energy. The energy resolution
was obtained from the full-width half maximum (FWHM) of the ADU histogram
shown in Fig. 3.3. A Gaussian fit was used to fit to the data of the first peak in the
histogram. It is clear from the figure that there are gain fluctuations present during
data collection. I speculate that it could be due to the noise in the power supply.
Theoretically, FWHM of an ADU histogram is proportional to the square root of
the number of electron hole pairs and the Si Fano factor (there is also a thermal noise
component). Furthermore, FWHM of the histogram defines the energy resolution of
the detector. For a Fano factor of 0.1 and photon energy 6.4 keV, this would imply
a FWHM of about 31 eV. In fact the measured resolution was significantly poorer
(≈ 600 eV) than both the estimated and the measured value by the LBNL-Berkeley
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Figure 3.5: Energy resolution of the FastCCD1 vs. incident photon energy. The
graph provides an estimate for ADUs per photons for the particular detector.
collaboration [37, 45]. Experimental and theoretical values for σ were determined
by Eq.(3.1) and Eq.(3.2) respectively [48]:

F W HM (eV) = 2.355 σ
p
σ = E/Ee−h Fa

(3.1)
(3.2)

where σ is the energy resolution of the detector, E is the photon energy, Ee−h is the
energy expended to create an electron hole pair, and Fa is called the Fano factor.
The discrepancy seen in the energy resolution implies the fact that σ is not
determined by the number of charge pairs created, but by some other mechanism,
possibly amplifier noise, or possibly incomplete charge collection in the camera.
Another important factor is the thermal electron hole pair generation in the silicon.
The energy dependence of the resolution is also much flatter versus photon energy
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than would be expected (Fig .3.5); it should depend on the square root of the photon
energy. Finally, as a somewhat related comparison, I have also plotted the measured
energy resolution of a Princeton Instruments (PI) deep-depletion, direct-detection
CCD detector [49] as a green circle in Fig 3.5. This detector has only a single tap
for 1300 x 1340 pixels so is much slower than the FastFCCD1, but the digitizer runs
at 2 MHz which is comparable to the speed of the digitizer for a single tap on the
FastFCCD1. For the PI CCD, we find σ ≈ 116 eV. Using the droplet algorithm, I
determine the shape (second moment) of the charge droplets in the vertical, y, and
horizontal, x, directions. The horizontal direction is orthogonal to the 10-columnwide taps and the vertical direction is parallel to the 10-column-wide taps.
Fig. 3.6 shows the standard deviation along the horizontal and vertical directions
of the droplets versus bias voltage. The standard deviation along orthogonal directions provides a quantitative measure on the size distribution of charge droplets.
The bias voltage was varied from 0V to 60V with 5V increments. Increasing the
bias voltage beyond 60V resulted in saturating the charge-coupled device. Saturation of the chip manifested as lighting up of the whole image area which made it
hard to distinguish individual charge droplets. Thus for data collection bias voltage
was varied between 0V and 60V. For comparison, the energy resolution is plotted
on the same graph (right axis). As can be seen, the horizontal charge spreading
(smearing)3 is a strong function of bias voltage while the vertical charge spreading
is not. Moreover, the vertical droplet size at all bias voltages is larger than the
horizontal droplet size even in the case of a non-fully-depleted sensor. This suggests
that a mechanism other than charge diffusion may be the source of the vertical
charge spreading.
3

Charge spreading along a particular direction can be determined by the variance along that
direction.
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Figure 3.6: Droplet charge distribution as a function of bias voltage. RED: Vertical
droplet size; BLUE: Horizontal droplet size; GREEN: Energy resolution, right-hand
axis.
In Fig. 3.7, the actual shape of the peak is plotted as a function of the size of the
charge droplet. As can be seen, the larger the charge droplet the more the spread
in the number of ADUs measured. Interestingly, this is not a symmetric spread,
but only on the low background side. This may indicate a background intensity
subtraction problem.
Fig. 3.8 shows how the droplet size distribution as a function of the number of
pixels found in a given droplet. Two pixel droplets dominate the size distribution.
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Figure 3.7: Energy resolution as a function of the droplet size. Only the singlephoton peak is considered. Inset 2-D shape of the droplet.

Figure 3.8: Droplet size distribution as a function of number of pixels found in a
droplet.
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3.4

Impact of FastCCD Detector Performance on
Scientific Objectives

The concepts and methods discussed in this section will be addressed in detail in
Chapter 4. A principal application of the FastCCD detectors is for XPCS measurements from samples that show equilibrium dynamics. Small-angle X-ray scattering
(SAXS) is obtained simultaneously during XPCS measurements and yields structural data that can be correlated with the dynamics. The current detector has a
number of potential advantages for XPCS; thick pixels give close to 100 % efficiency,
which is greater quantum efficiency than other available cameras by a factor of two,
and the readout time of 10 ms per frame allows measurements of diffusion times on
the order of 20 ms. Fig. 3.9 shows a typical SAXS measurement on a PS-latex test
sample.

Figure 3.9: Comparison of small-angle X-ray scattering from PS-latex spheres.
FastCCD1 detector (RED) and PI detector (BLUE).
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The red data is from the FastFCCD and the blue from PI CCD. The curves
agree reasonably well, except at low intensities (or high Q); the problem may very
well be related to subtraction of the dark noise floor. In Fig. 3.10, high-dose
limit XPCS from the FastFCCD camera and the Dalsa CCD are compared. While
the Dalsa CCD has a higher overall contrast (since its smaller pixels can better
resolve speckles), its efficiency is lower, leading to larger error bars and less ability
to accurately determine correlation functions as compared to the FastFCCD. That
being said, the FastFCCD has its own limitations. For example, during readout time
the charge deposited in a pixel can spread to adjacent pixels and distort the position
resolution of the charge, and the inability to collect all images when operating at
higher frame rates is another limitations of the detector.
For relaxation times shorter than 20 ms (valid for FastFCCD1), it is not possible
to correlate the intensity between frames since we are limited by readout time of
the detector. An alternative method to measure faster time constants is to examine
the speckle blurring within a single exposure. The faster the dynamics, the more
the speckles are blurred. The technique is known as speckle visibility spectroscopy.
Using a custom shutter, we can even adjust the exposure time to times shorter than
the readout time and by this method can probe dynamics down to ≈ 1 ms. It is not
easy to measure the speckle visibility in the very low flux limit. Rather, in this limit,
the speckle statistics have to be inferred by counting the probability of two photons
falling close to each other on an image and comparing this to the probability from
random chance. If there is speckle in an image, then the probability of two photons
falling close together will exceed the random value, and this will be seen as a peak
at small photon separations in a spatial correlation function averaged over a large
number of frames. The red curve in Fig.3.11 shows the spatial correlation function
averaged over approximately 1000 images. The sample was latex microspheres in
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Figure 3.10: Comparison of XPCS autocorrelation functions from FastCCD1 and
−1
Dalsa cameras. Black points, latex −180 C from Dalsa camera. Q=0.0093Å
Relaxation time = 0.21 s, 1026 frames. Blue points, latex −180 C from FastCCD1.
−1
10ms exposure time, q = 0.0092 Å , relaxation time = 0.48 s. No. of frames =
1280. The difference in relaxation times is possibly due to a temperature gradient
across the sample.
glycerol at −180 C. Note that the spatial correlation function exhibits a pronounced
peak at small separation. For comparison, the blue curve, taken on the same sample
but at higher temperature 350 C where the dynamics are faster, shows a reduced
spatial correlation peak.
Speckle visibility spectroscopy relies critically on the ability to distinguish individual photons within an image and to correlate their positions. Detector noise
can lead to single photons masquerading as two photons that are very close together and can make speckle visibility analysis unreliable. The problem is worse for
low-intensity data. Noise limits the fastest times that can be measured using this
technique. For the data analyzed in Fig. 3.11, photons with separations less than
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Figure 3.11: Spatial correlation functions for latex microspheres in glycerol at different temperatures. Blue data is latex microspheres at −180 C. (Corresponds to
blue curve in Fig. 3.10). And red data is latex microspheres at 350 C.
0.25 pixel had to be excluded, which reduces the signal-to-noise ratio. Thus, in order
to be able to perform these kinds of measurements it is critical that the detector
has as narrow a charge spread as possible, good energy resolution and predictable
and minimal noise characteristics. These properties will help us to distinguish false
two-photon events from real ones and measure time correlations to very short delay
times such as might be found, for example, in a concentrated protein solution.

3.5

Conclusions

In terms of concluding remarks, the detector works well for more strongly scattering samples (e.g., Polystyrene latex microspheres) with slower correlation decays,
but I have identified three issues that have hindered the wide utilization of it as a
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more encompassing X-ray photon correlation spectroscopy (XPCS) and small-angle
X-ray scattering (SAXS) detector. The analysis and issues were described earlier; a
brief summary follows:
1. The one-sigma single photon energy resolution is 600 eV versus a published
value of 250 eV [37].
2. Photon droplet sizes correspond to a point spread function (PSF) of ≈ 10 µm
versus an anticipated value of 5 µm for a bias voltage of 40 V.
3. Asymmetric (larger vertical than horizontal) photon droplets suggesting that
a mechanism other than charge diffusion is responsible for the droplet sizes.
These issues are most problematic at low scattering intensities where most
of the groundbreaking XPCS experiments uniquely suited to the speed and
efficiency of the FastCCD will be performed (e.g., dynamics of biological systems). In particular, the considerably larger than expected energy spread and
droplet sizes make it difficult or impossible to resolve two-photon hits from
nearby multiple one-photon hits, which is crucial for certain aspects of XPCS.
Viewed another way, the larger than expected photon droplets and energy resolution effectively lift the noise floor of the detector and make the acquisition
and analysis of weak, rapidly fluctuating signals very challenging.
As mentioned above I have observed worse than expected energy resolutions and
point spread functions. I believe that both of these problems can be explained as
an issue with charge transfer. Unfortunately, there are many different reasons for
having the charge spread. Some of the possible reasons could be:
1. Clocks and bias voltage levels not optimized
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2. Clock edges too sharp and require wave shaping
3. Traps in FastCCD structure
4. Noise on clocks or biases.

CHAPTER 4
THEORETICAL AND EXPERIMENTAL DETAILS

The main hypothesis of this thesis is the idea that dynamics of proteins suspended in an aqueous solution can be successfully quantified by X-ray photon correlation spectroscopy (XPCS), a relatively new synchrotron-based spectroscopic technique. XPCS is a flux-limited scattering technique that relies on the coherent portion
of an incident X-ray beam. As a result, it is of utmost importance to take every
effort to optimize the overall signal-to-noise ratio (SNR). This means optimizing every part of the XPCS setup, including beam energy and beam optics (X-ray lenses,
slits, attenuators). In this chapter, I review some of the more useful concepts of
coherence, signal-to-noise ratio (SNR), coherent X-ray generation, and X-ray scattering. I also provide calculations for the estimated energy absorbed per unit mass
of proteins due to X-ray exposure, a useful quantity that should be accounted for,
especially when using ionizing radiation to study biological systems.

4.1

4.1.1

Theoretical Details

Beam Coherence

The coherence properties of an X-ray beam can be characterized by the longitudinal coherence length and the transverse coherence length. A scattering system’s
optical contrast, β, can be easily determined if the coherence lengths are known.
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Longitudinal coherence length Λ is defined as the distance over which two waves
from the same source point with slightly different wavelengths, λ, λ+∆λ, will completely dephase, where λ is the wavelength of the X-rays. Λ is defined as,
λ2
.
Λ'
2∆λ

(4.1)

Longitudinal coherence length only affects the optical contrast, β of the system, if the
maximum optical path difference (δ) in the sample is comparable to the longitudinal
coherence length. In this particular analysis, I consider that Λ is sufficiently large
that it can be ignored in the following calculations. This has to be assumed otherwise
the loss of coherence would result in a reduction of the contrast at high wave vector
transfer, where the path length difference is maximal.
The transverse coherence length characterizes the loss of fixed phase between two
points on a wavefront. For example, when waves emanating from two points in the
beam are less than the transverse coherence length apart, the two waves will have
the same phase resulting in an interference pattern. In other words, if we confine
the X-ray beam with slits to less than the transverse coherence length, then the
beam will be fully coherent. The transverse coherence length (ξ) is defined as,

ξx,z =

λR
2πσx,z

(4.2)

where λ is the X-ray wavelength. R is the source-to-sample distance and σx,z represent the source size in the horizontal and vertical directions respectively. In other
words, σx,z are the standard deviations when the X-ray source is approximated by
a Gaussian distribution.
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Since an area detector is used in this study (see Chapter 3), the limited pixel
resolution reduces the optical contrast of the system. This can be taken into account
by defining an effective transverse coherence length (Ξ) as,
ξx,z
Ξx,z = q
2 /d2
1 + ξx,z

(4.3)

√
where d= λ Rsd /4π Ũ with Ũ = U / 8 ln 2. Rsd is the sample-to-detector distance
and U is the dimension of a pixel on the detector. d can be seen as the coherence
length that the detector pixel would have at the sample if it were a source. The
factor of 8 ln 2 is from the conversion between a Gaussian source distribution and a
√
square pixel, since the full width at half maximum of a Gaussian is 8 ln 2σ.
In coherent X-ray scattering experiments, the sample is located within the near
field of the beam defining slits (Lx , Lz ). In such cases, the beam size at the sample
can be considered to be equal to slit widths (Lx , Lz ). For simplicity, if we assume
that the longitudinal coherence length is sufficiently large that it can be ignored,
then the optical contrast (β) of the system can be written as,

β = F (Lx /Ξx ) F (Lz /Ξz ).

(4.4)

Furthermore, in the limit of Lx  Ξx and Lz  Ξz , Eq. 4.4 reduces to,

β=

πΞx Ξz
.
σx σz

(4.5)

If we factor in focusing, the proper treatment of coherence would be to propagate
the beam coherence function through the focusing optics. Such an approach was
recently worked out by Schroer et al. [50]. Due to the mathematically rigorous
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nature of this approach, we consider the following assumptions: That is, (i) the
dimensions of the incident beam (Lx ,Lz ) are replaced by the vertical spot size (H)
and (ii) the coherent fraction of the beam is preserved. The modified transverse
0
coherence length becomes ξx,y
= ξx,y H/Lx,y . As a result, in a focusing geometry,

the effective coherence length Eq. 4.3 becomes,

Ξ0x,z

0
ξx,z
q
=
.
0 )2 /d2
1 + (ξx,z

(4.6)

In this section a brief summary of several important parameters related to coherence are introduced. Furthermore, we show how they are related to the scattering
system’s optical contrast. In general, the following two criteria need to be met in
order to achieve coherence conditions:
Beam Size (σ) < Transverse Coherence Length(ξ)
Path Difference (δ) < Longitudinal Coherence Length(Λ)

4.1.2

Signal-to-Noise Ratio (SNR)

In coherent X-ray scattering experiments, a high optical contrast is desirable.
However, when optimizing the contrast it must be done in relation to the changes
in flux, otherwise it may not optimize the overall SNR. Especially in the current
research work, the optimal utilization of photon flux is crucial because (i) excessive
flux could damage the delicate protein samples and (ii) limited flux could be used
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optimally if SNR is known. We proceed along the SNR definition put forward by
Falus et al. [51]. When optical contrast, β, is small,

SN R = βId

1 ∂σ
V ∂Ω

s

T τ Ωλ2
2 (1 + β) HW

where I is the beam intensity, d the thickness of the sample, ( V1

(4.7)

∂σ
)
∂Ω

the scattering

cross-section per unit volume, T the total experiment duration, Ω the total solid
angle of the detector, λ the wavelength, τ the exposure time of the detector, H the
height of the beam on the sample and W the width of the beam across the sample.
The following must be noted:
1. The focusing is in the z (vertical) direction. Since we do not change the pixel
size of the CCD detector nor the detector distance from the sample, the only
modification is a factor,
√
Rsnx = F (W/Ξx )Rslit θ ω

(4.8)

where θ is the angular size subtended by the source, ω is the angular size
subtended by a pixel on the CCD detector and Rslit is the sample-to-slit distance. In addition, however, we need to include the effect of the lens in this
modification. As a result, SNR improves by a factor of five just because of
focusing and the effects of lens.
2. If the illuminated vertical sample size (H) is sufficiently small, then the size
of the speckles (random interference pattern) on the CCD detector would be
larger than the original pixel size of the detector. In this case SNR can be
further improved by binning together pixels to match the larger speckle size.
If the pixels are binned together by a factor of b in the vertical direction, the
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overall SNR will increase by a factor of

√
b. That is an improvement about of

3 in SNR if we binned 8 x.
Interested readers can find a detailed derivation of the SNR formula shown in
Eq. 4.7 as well as a calculation for the X-ray scattering cross-section of α-crystallins
in review article written by Falus et al. [51].

4.1.3

Synchrotron Radiation: The Way to Coherent
X-Rays

In this research work, the main probing method used for α-crystallin dynamics
is XPCS, a method solely dependent on coherent X-rays obtained via synchrotron
radiation. As a result, the following section summarizes some of the key features of
synchrotron radiation.
Charged particles that are traveling at relativistic speed under the influence of
magnetic fields experience centripetal acceleration and generate radiation which is
defined as synchrotron radiation. Over the past three decades, the steady development and wider accessibility of synchrotron radiation facilities has revolutionized
fields like physics, chemistry, biology, engineering and medicine.1 There are several
unique features that make synchrotron radiation a highly desirable tool for research,
namely:
1. The availability of a broad band of photon energies to select depending on the
nature of the experiment. A particular energy can be selected by the use of
monochromators and gratings.
1

For an introduction to synchrotron radiation, the interested reader is referred to a couple of
books on the subject [52, 53].
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2. Because of the increase in beam intensity (number of photons per second) and
very small sample volumes, weak scattering systems can be studied successfully.
3. Both source size and the source divergence2 are small, resulting in a large
coherent flux which is crucial for coherent X-ray scattering experiments like
XPCS.
4. The resulting X-ray beam is pulsed; in modern synchrotrons it is found that
optimum beam conditions are achieved when the bunches are around 20-100
ps long and separated by around 2 ns.
There are two basic devices that generate synchrotron radiation: bending magnets and straight sections known as insertion devices. Insertion devices can be again
divided into two types: wigglers and undulators. In this research project radiation
was provided from an undulator device. Insertion devices are inserted along the
straight parts of a synchrotron consisting of an array of magnets which produces a
field that alternates from up to down along the path. An electron traveling along
this alternating field will start to oscillate as a sine wave, resulting in linear polarized
X-rays in the plane of the orbit. In the case of an undulator, the radiation emitted
in a given period constructively interferes with the radiation generated at a later
time at the subsequent period.
The quality of the X-ray beam generated is characterized by the brilliance, B,
defined as the flux of photons per unit of source area per unit of solid angle.

Brilliance =
2

Photons/s
mrad mm2 0.1% bandwidth
2

(4.9)

The radiation is limited to a narrow cone with an opening angle of 1/γ, where γ = E/m0 c2 ,
m0 c2 is the rest mass of the charge particle, and E is total energy in the laboratory frame.
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Brilliance depends on the photon energy; for example, at 8-ID-I (Advanced Photon Source) for a photon energy of 7.35keV, the brilliance for undulator A is around
1019 mrad2 mm2 0.1% bandwidth.

4.1.4

X-Ray Scattering Cross-Section

In a scattering experiment, differential scattering cross-section is measured as a
function of the scattering angle.

dσ
dΩ

can be defined as the probability that a scattered

particle will be detected in a solid angle dΩ subtended by the detector. Based on
the differential scattering cross-section we define scattering cross-section,



1 ∂σ
V ∂Ω


=

N
IL dΩ

(4.10)

where N is the number of photon counts/pixel/s. I is the total intensity passing
through the sample in units of photons/s. L is the sample thickness. dΩ is the
angular size of the detector pixel in steradians.
In this section, we will make a theoretical estimate of the scattering cross-section
of α-crystallins.

N=

Number of photon counts
(Number of pixels) × (Total exposure time)

(4.11)

We consider α-crystallin data set from the experiment run February 2013. A total
of 25600 frames having 10ms exposures were summed to get an average count rate.
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N = (4750880)/(237120 × 256) counts/s/pixel
N = 0.0783 counts/s/pixel

The incident photon count, I0 = 6 × 1010 photons/s. The sample thickness L =
1 mm, with dΩ given by,
dΩ = (Area of pixel)/(Sample to detector distance2 )
dΩ = (30 × 30 × 10−12 )/(4.7022 ) counts/s/pixel
dΩ = 4.071 × 10−11 counts/s/pixel
Substituting the values in Eq. 4.10 yields an estimate to the scattering cross-section
of α-crystallins.


1 ∂σ
V ∂Ω



= 32 m−1

(4.12)

The above estimate for the scattering cross-section of α-crystallin would be important when using Eq. 4.7 to determine an acceptable SNR value such that a signal
can be resolved from the data.

4.1.5

Correlating Photons: XPCS and Speckle Visibility

In a standard X-ray photon correlation spectroscopy (XPCS) experiment, a sample is illuminated with a coherent or partially coherent X-ray beam which leads to a
scattering pattern with a superimposed speckle pattern. A speckle pattern is actually a random diffraction pattern directly related to the exact spatial arrangement of
the scatterers. However, note that such details cannot be obtained with incoherent
light because the diffraction pattern observed in an ordinary diffraction experiment

49
is an ensemble average, containing only the information on the average correlations
in the sample.
The time autocorrelation function of the intensity within each speckle is calculated and then this function is averaged over equivalent speckles. The time autocorrelation for such a situation is defined by,

g2 (τ ) =

< I(q, t) I(q, t + τ ) >
.
< I(q) >2

(4.13)

Here, q= 4π sin(θ)/λ with 2θ the angle between the incident beam and scattered beams and λ is the wavelength. When the FastCCD detector was used for
measurements, due to its large number of pixels and under the assumption that the
sample is isotropic, the averaging implied by <> is performed by taking an average
over pixels within a ring of scattering of magnitude q and width dq. Furthermore,
assuming that the length and time scales associated with the sample dynamics are
well separated from the size of the beam and the time scale of intensity fluctuations
within the beam, Eq. 4.13 can be related to the normalized intermediate scattering
function f (q, τ ) :

g2 (τ ) = 1 + βf (q, τ )2 .

(4.14)

Here, β (Eq. 4.4) is the optical contrast of the experimental setup, and the intermediate scattering function is given by f (q, τ ) = F (q, τ )/F (q, 0) with
Z
F (q, τ ) =

3

dr

Z

0

d3 r0 ρ(r, t)ρ(r0 , t + τ )eiq•(r-r ) .

(4.15)

Here ρ is the scattering length density. For example, in an extremely diluted noninteracting particle system, f (q, τ ) can be successfully modeled by a simple exponen-
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tial decay. That is, f (q, τ ) = e−Γτ , where Γ is the relaxation rate. The reciprocal
of Γ is defined as the relaxation time, τ0 . For example, in Fig. 4.1, the intensity
autocorrelation function represents the dynamics of latex microspheres suspended
in glycerol. The data points are successfully fitted by a single exponential decay
function, yielding β = 0.306 ± 0.011 and τ0 = 0.48 s ± 0.02 s.

−1

Figure 4.1: g2 (τ ) as a function of delay time for latex microspheres, q = 0.0092 Å .
Even in a traditional XPCS experiment there is a correction to the correlation
function due to the exposure time. Consider a sequence of N images taken with a
finite exposure time te . Each product of intensities in the correlation function now
represents an integral over a range of time differences within the two exposures. In
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addition, if we also incorporate the intermediate scattering function, then g20 is given
by,

g20

β
=1+ 2
te

Zte

0

τZ+te

dt
0

dt00 f 2 (t00 − t0 ).

(4.16)

τ

In the special case where f (τ ) = e−Γ|τ | , Eq. 4.16 can be analytically integrated to
yield,

g20 = 1 + βe−2Γτ [sinh(Γte )/Γte ]2 .

(4.17)

Note that for this case a measurement made with a finite exposure time has an
apparent contrast of β 0 = β [sinh(Γte )/Γte ]2 , which is larger than would be measured
for the same delay time with a negligibly short exposure time. Following along a
similar line of reasoning, it is apparent that the variance of the intensity within
a single exposure will also contain information about the intermediate scattering
function. This is the basis of speckle visibility spectroscopy (SVS) [54]. Since we will
use X-rays, the technique will be called X-ray speckle visibility spectroscopy (XSVS).
In XSVS, the crucial parameter is the normalized variance in the intensity, V2 (te ),
which can be written in terms of the intermediate scattering function,
β
V2 (te ) =
te

Zte

2(1 − t/te )f 2 (t) dt.

(4.18)

0

By measuring the variation of V2 (te ) as a function of te , one can probe the
dynamical properties of a given sample. XSVS has the advantage of being able to
resolve faster decay times as will be shown below. The replacement of < I(t) I(t +
τ ) > by (1 + f (τ )) in the formula for the speckle visibility assumes that the intensity

52
variation is only due to speckles. In the case of short exposure times, the scattering
signal becomes weak; as a result, the contribution for photon statistics becomes
significant. We avoid the contribution from photon statistics by calculating the
spatial correlation function of the intensity rather than the variance of the intensity
itself. The spatial autocorrelation function is given by,

C(∆r) =

< I(r) I(r + ∆r) >
.
< I >2

(4.19)

In the limit that ∆r approaches zero, the correlation function approaches the
variance so long as the exact condition of ∆r=0 is excluded; however, this correlation
function does not include the photon statistics term. The way this is done practically
is to resolve the intensity on the detector into individual photons and then measure
the photon-photon correlation function. Since this excludes the correlation of a
photon with itself, the contribution from photon statistics is excluded. Consider
a system that can be described by the simple exponential function, f (τ ) = e−Γ|τ | ;
putting this form into Eq. 4.18 yields,

V2 (te ) =


β 
−2Γt2e
2Γt
−
1
+
e
.
e
2Γ2 t2e

(4.20)

Note that unlike the intermediate scattering function which decays as an exponential, in τ the visibility decays, for long times, as 1/(Γte ).

4.1.6

Damage Due to X-Rays: Absorbed Energy Dose

In an X-ray scattering experiment it is crucial to know if the sample is damaged
or modified in a way that the results will deviate from what is expected from the
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native behavior of the system under investigation. This is more decisive when biological systems are studied using coherent X-rays, especially at the beam intensities
generated at synchrotron sources.
For the most part, X-ray damage studies have been done on protein crystals [55,
56]. In such situations, reducing the temperature, to about 100 K (−1730 C)[57],
and reducing the X-ray beam size to micron scale [58] have shown to considerably
reduce X-ray damage to protein crystal samples. However, less X-ray damage investigations has been done for proteins suspended in aqueous solutions [59], especially
when cryo-cooling techniques were not available.Kuwamoto et al. [59] provide a
detailed analysis of radiation-induced damage of egg-white lysozyme. They have
quantified the X-ray-induced damage to lysozyme by considering how the radius
of gyration (Rg ) varies as a function of absorbed dose (in Gy). However, in that
study the samples were dilute suspensions of lysozyme (5 - 10mg/ml); as a result,
they only considered absorption due to water. In the present study, the crystallin
samples are more concentrated; thus a calculation of absorbed dose needs to include
contributions from water as well as proteins.
Figure 4.2 shows the beamline setup including the positioning of the attenuators,
beam defining slits, focusing optic and the placement of the sample cell during a
typical XPCS measurement. According to Fig. 4.2 the X-ray beam propagates from
left to right. It first encounters a series of attenuators which are aluminum foils that
have the appropriate thickness to reduce the transmitted X-rays by a certain factor.
To increase the transmitted portion, attenuators can be taken out from the beam
path.
S1 and S2 are vertical and horizontal beam defining slits with slit sizes defined
as H and W respectively. L1 and L2 are the distances from the sample to slits
S1 and S2 , respectively (For typical values of parameters, please refer Table. 5.2
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Figure 4.2: XPCS beamline setup at 8-ID-I.
in Section 5.1.3.1). Afterwards the beam is focused in the vertical direction by
a compound refractive (CRL) lens system with focal length 1.7 m. The CRL is
positioned between the two slits as shown in the figure. The focused beam results
in a diffraction-limited spot on the sample. The crystallin sample is placed in a
borosilicate capillary tube 1 mm in diameter and 0.01 mm thickness. The sample
cell can be continuously moved either in the vertical (z direction) or the horizontal
direction (x direction, the lateral direction to the beam path). The incident photon
intensity, I0 , is the number of photons detected per unit time when the X-ray beam
travels through the lens system without the attenuators or the sample. During the
intensity measurement, S1 and S2 slit sizes are defined as H0 and W0 , respectively.
Consider an incident X-ray beam with Iinc photons per second, having energy E
and cross-section A impinged on the protein sample having an average density, ρ,
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and an attenuation length of µ. In such an event, the number of photons transmitted
will decrease with distance through the sample as,

I(x) = Iinc e−µx .

(4.21)

The photons transmitted in this way deposit energy in the sample and the process
can be quantified by the energy absorbed per unit mass (or absorbed dose). The
absorbed dose at a specific position, D(x), is given by,


dI(x) ET
D(x) = −
.
dx ρA

(4.22)

Furthermore, we can find the average dose, Davg , absorbed by the sample,

Davg

1
=
d

Zd
D(x)dx

(4.23)

0

where d is the sample thickness and T is the total exposure time. Integrating the
integral in Eq. 4.23 results in,

D=


ET Iinc
1 − e−µd .
ρdA

(4.24)

The incident photon beam on the sample, Iinc , is modulated by several parameters:
the attenuation factor, α; the attenuation due to the glass capillary tube; and the
slit settings. Thus Iinc can be given by,

Iinc = α

HW
H0 W0



I0 e−µg dg

(4.25)
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where H0 and W0 are the S1 , S2 slit settings when the unobstructed beam intensity,
I0 , is detected. H and W are the S1 , S2 slit settings when the protein sample is
measured. The attenuation length and the thickness of the glass capillary tube are
given by µg , dg respectively. Plugging Eq. 4.22 and Eq. 4.24 in Eq. 4.23 results in,
αET
D=
ρdA



HW
H0 W0




I0 e−µg dg 1 − e−µd .

(4.26)

Eq. 4.25 is the general expression for the absorbed dose for a sample when it is
exposed for a time T with an X-ray beam of energy E.
Furthermore, in Eq. 4.25, µ is the attenuation coefficient for the protein-water
mixture, written as,
 
 
µ
µ
µ=
ρp (v̄c) +
ρw (1 − v̄c)
ρ p
ρ w
where,

 
µ
ρ

,
p

 
µ
ρ

(4.27)

are the mass energy attenuation coefficients of α-crystallins and
w

water, respectively. Similarly, ρp , ρw are the densities of proteins and water respectively. v̄ is the partial specific volume of α-crystallins, which is 1.7 × 10−3 ml/mg
[60], and c is the concentration of the sample measured in units of mg/ml. Like µ,
in Eq. 4.25, ρ is the average density of the mixture, given as,

ρ = ρp v̄ c + ρw (1 − v̄c).

(4.28)

The area A in Eq. 4.25 is given by the product of the size of the beam on the
sample due to the diffraction-limit of the vertical and horizontal slits. The beam is
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focused in the vertical direction and the diffraction-limited beam size on the sample
is given by,

sz =

λL1
.
H

(4.29)

However, in the horizontal direction the beam is not focused, and the diffractionlimited beam size on the sample is,
λL2
sx =
W

s
1+

W4
.
λ2 L22

(4.30)

In the case when the sample cell is stationary, Eq. 4.26 can be rewritten as,
αET
q
D=
ρdλ2 L1 L2 1 +


W4
λ2 L22

H 2W 2
H0 W0




I0 e−µg dg 1 − e−µd .

(4.31)

When the sample cell is translated at a constant velocity in the vertical or horizontal direction, the exposure time, (T ) can be replaced by the time it takes the
sample to translate through the beam. For example, in the vertical (z) direction,
the exposure time can be replaced by sz /Vz , where Vz is speed of the sample cell in
the vertical direction. The absorbed dose when the sample is translated vertically
is,
αE
q
D=
ρdλL2 Vz 1 +


W4
λ2 L22

HW 2
H0 W0




I0 e−µg dg 1 − e−µd .

(4.32)
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Similarly, when the sample cell is translated horizontally, the absorbed dose is
given by,
αE
D=
ρdλL1 Vx



H 2W
H0 W0




I0 e−µg dg 1 − e−µd .

(4.33)

where, Vx is speed of the sample cell in the horizontal direction.
During the most recent experimental run, the sample cell was translated in a
horizontal direction, whereas back in December 2013 the stage was translated in the
vertical direction. Tables in Chapter 5, list all the variables mentioned in the above
equations.

4.2

Experimental Details

In this section I will elaborate on the main probing techniques that will be
used in this work to investigate dynamics of α-cyrstallins. A detailed description
of the experimental setup, data collection and the subsequent data analysis will be
mentioned in this section.
The first subsection will deal with synchrotron-based small-angle X-ray scattering (SAXS), a well-established method that can determine the shape and size of
biological molecules; furthermore, it can provide useful information about the intermediate and large-scale configuration of the biological system [61]. In this technique,
radiation is elastically scattered by the sample and the resulting scattered radiation
leads to interference effects which produce a time-averaged scattering pattern. Because of the time averaging of the results, this method is also know as static X-ray
scattering. Unlike SAXS, in XPCS rather than time averaging the scattered signal,
“snapshots”of the signal at different times are correlated to obtain time-varying dy-
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namical properties of the system under investigation [31]. The third method, called
dynamic light scattering (DLS), is the visible counterpart of XPCS and uses laser
radiation [25, 26]. As a result, DLS can probe dynamics at larger length scales
compared to XPCS. DLS measurements were done at Northern Illinois University,
DeKalb, IL. Results for each section will be presented in Chapter 5.

4.2.1

Synchrotron Small-Angle X-Ray Scattering (SAXS)

SAXS studies were done at the 8-ID-I beam line at sector 8 of the APS. On the
day of the experiment, the protein samples were transported to the beam line in
Styrofoam boxes. The interior temperature of the boxes was maintained close to
40 C. At the beam line, the samples were loaded into 1mm diameter boroscilicate
capillary tubes and sealed using epoxy. The sealed capillary tubes were then fixed
to aluminum sample holders (maximum of four capillary tubes were fixed to a given
holder) and placed in the beam line under vacuum. A coherent X-ray beam of
energy 7.35keV was focused by using a 1-D focusing optic (a Beryllium compound
refractive lens) that was placed upstream of the sample. The beam spot at the
sample was 3µm in the vertical and 8µm in the horizontal for a vertical slit setting
of 120µm . The idea of focusing the X-ray beam is to increase the SNR as described
in Eq. 4.8. The scattered photons were detected by a PI LCX-1300 direct detection
CCD (Princeton Instruments, USA) 4.0m downstream of the sample. The PI-CCD,
as we call it from here onward, has an effective area of 1300 pixels by 1340 pixels,
−1

each pixel being 20µm square. A single camera width spans about 0.03 Å

in

the scattering vector (q) space. By using stepper motors in the x, z directions we
moved the camera in a direction perpendicular to the scattered X-ray beam. This
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resulted in generating four overlapping camera widths so that we cover a total q
−1

range from 0.01 Å

to 0.1 Å

−1

(Fig. 4.3). For a given detector position, 20 frames

were collected with an exposure time of 0.2s for each frame. For the next detector
position, beam spot on the sample was translated to a different location along the
sample and the collection of images repeated. The shorter exposures of 0.2s and
moving the beam spot to a different location each time the detector was moved to
a new position enabled us to minimize the radiation damage caused by the X-ray
beam.

Figure 4.3: Overlapping PI-CCD camera positions showing the peak in the smallangle X-ray scattering configuration. The time-averaged intensity profile is also
shown.
The raw data collected from the PI-CCD detector were processed by a customdeveloped software called XPCS-GUI. The software automatically subtracts the
dark image and then averages the intensities of rings corresponding to the same
q vector. This method is performed for all the static scattering images, then the
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intensities are normalized by the intensity of the X-ray beam through vacuum and
a final time-averaged intensity vs. q plot can be obtained.

4.2.2

X-Ray Photon Correlation Spectroscopy (XPCS)

The beam line setup for XPCS measurements was similar to the previously
described SAXS configuration and the measurements were conducted at the same
beam line with the same photon energy of 7.35keV. Like in SAXS measurements,
samples were loaded into borosilicate glass capillary tubes having a diameter of
1mm and then either flame sealed or sealed using epoxy. Sample temperatures were
determined using a calibration curve which was previously obtained by us [38].
The beam was unfocused in the horizontal direction and had a horizontal coherence length at the sample determined by the source size and sample to detector
distance via ξx = 17µm [62]. Here λ = 0.169 nm is the x-ray wavelength, R = 68.2m
is the source to sample distance and σx = 110µm is the effective horizontal source
size. (The nominal horizontal source size is 287µm but only part of the horizontal
source is visible after reflection by the downstream mirror.) The vertical coherence
length at the sample is larger, 166µm, due to the smaller vertical source size of
11µm. A defining slit, located 1420mm upstream of the sample, selected an initial
horizontal beam size of 30µm and a vertical beam size of 120µm. However, during
the data collection, we changed both the vertical and horizontal slit sizes in order
to study how absorbed radiation by the samples affects its dynamical properties.
(A more detailed discussion is presented in Chapter 5.) After passage through the
defining slit, the beam should be fully coherent in the vertical direction and partially
coherent in the horizontal direction. As mentioned in the previous section, a Beryl-
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lium compound refractive lens located 895mm downstream of the sample focused
the beam in the vertical direction (Fig. 4.4).

Figure 4.4: 8-ID-I beam line setup with major components identified.
The diffraction-limited vertical spot size is a function of the vertical aperture at
the sample and should be 1.5µm FWHM, but was typically closer to 3µm FWHM
due to imperfections in the X-ray optics. The purpose of focusing the vertical beam
is to increase the speckle size of the scattering pattern. For a fixed total detector
solid angle, the SNR depends linearly on the flux per speckle, and only as the
square root of the number of speckles. Since large speckles distribute the same
flux into fewer speckles, the SNR increases as the square root of the speckle size
[51]. The FastCCD detector was located 4.73m downstream from the sample. The
speckle size at the camera is approximately given by the width of a Fraunhoffer
diffraction pattern from the defining aperture [63]. This yields 35µm FWHM in
the horizontal direction (approximately 1 pixel) and 235µm FWHM in the vertical
direction (approximately 8 pixels). For speckle visibility measurements, when the
FastCCD1 was used it was only capable of achieving 20ms exposures and above. As
a result, a resonant shutter manufactured by Electro-Optical Products Corporation
was used to achieve exposures shorter than 20ms. The resonant shutter consisted
of an electrically driven mechanical resonator with shutter blades attached to each
side of the resonating forks. Only one shutter blade was used to shutter the X-ray

63
beam. The camera readout rate was phase locked to the shutter. The exposure
time of the camera could be varied by moving the beam vertically relative to the
oscillating shutter blade position, thus varying the fraction of the shutter period
where the beam was occluded. The minimum exposure time was limited by the
transit time of the shutter blade through the beam, which was of the order of 1ms.
XSVS measurements were made for exposure times of 2ms, 5ms and 10ms. In order
to minimize sample damage, the capillary with the latex suspension was moved after
approximately 10s of exposure. Since this time is much longer than the relaxation
time of the latex spheres (typically of the order of a few ms) this occasional moving
of the sample should have no significant effect on the measured sample dynamics.

4.2.2.1

Data Analysis and the Droplet Algorithm

When analyzing XPCS/XSVS data, we utilized the software package described
in Section 4.2.1, namely XPCS-GUI. However, since the beam is focused in the
vertical direction, the speckle size in that direction increases, making the speckles
bigger than the pixels on the X-ray detector. The preferred method in a situation
like this is to bin the pixels using software algorithms, thus making them comparable
to the speckle size and thereby increasing the SNR. Unfortunately, XPCS-GUI is
not equipped to bin the raw images in an efficient manner; the method used is
cumbersome and very time inefficient. In this regard we have developed a photon
correlation software package based on a recently developed droplet algorithm [64].
Unlike, XPCS-GUI, the new software program (called SVS Code, hereafter) can bin
pixels in both vertical and horizontal directions considerably increasing the SNR of
the results.
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When processing each photon image using the SVS Code, the center of mass
for each photon charge droplet was obtained by analysis of the charge distribution
on each frame. Frames were converted into a list of photon positions. In the cases
where photons overlapped, the positions were extracted using a non-linear least
squares fit to a sum of simulated charge droplets [64, 65]. Droplets consisting of
more than three overlapping photons were thrown out as it was not possible to
achieve sufficient noise suppression in these cases, and in any case, such droplets
constitute a negligibly small fraction of the droplets. The droplets were modeled by
Gaussian functions. The amplitudes and Gaussian widths of the simulated droplets
in the horizontal and vertical directions were initialized at nominal average values
and then allowed to vary to obtain the best fit to each droplet. Since measurements could involve on the order of 105 frames, the photon identification algorithm
was computationally intensive and was performed using a 60-node parallel processing cluster computer at Northern Illinois University (NIU). Appendix D shows a
detailed diagram showing the execution path from the X-ray detector to the computing cluster at NIU. The contrast of the scattering pattern was extracted through
a spatial autocorrelation of the photon positions, averaged over all the measured
frames. The spatial autocorrelation was calculated by counting the number of photons within a series of elliptical regions around each photon within a given frame.
This correlation function was averaged over all photons in a frame and then over
all frames. The spatial autocorrelation function was normalized to the cross-spatial
correlation between two frames separated by a long time delay. Specifically, for two
frames, A and B, the spatial autocross-correlation counted the number of photons
in frame B within an ellipse of a given size around the position of a photon in frame
A. When there is no speckle, the ratio of the same frame correlation function to the
cross-frame correlation function should be unity. When there is a speckle, there will
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be a higher likelihood for photons within the same frame to be close together than
photons in different frames.
A typical spatial autocorrelation function is shown in Fig. 4.5. The photons
were binned in elliptical regions, with the nth bin defined by (n − 1)2 ≤ (x/30µm)2
+ (z/240µm)2 ≤ n2 (Fig. 4.6). Except for the first two bins, the rest of the bins

Figure 4.5: Spatial autocorrelation function for a latex microsphere sample at
−1
−2.20 C. Volume fraction = 0.08 , exposure time = 2 ms and q =0.0098 Å . Correlations were made in elliptical regions with a vertical to horizontal ratio of 8:1 and
normalized to zero. Data are averaged over 65,000 frames.
do not show a discernible contrast. As indicated in Fig. 4.5, the first bin shows a
measured contrast of 8% indicating the presence of a speckle. The uncertainty in
the correlation function, indicated by the error bars in the figure, was calculated
from the square root of the number of photons in each bin. The function has been
normalized to zero by considering the ratio of the self-correlation of a frame to the
cross-correlation between two frames separated by a large delay time.
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Figure 4.6: Data analysis procedure using droplet algorithm. Charge droplets were
converted into center of mass coordinates (x,y). These positions’ coordinates were
correlated in order to find the speckle visibility.
The SNR can be measured from the ratio of the contrast to the uncertainty in
the magnitude of the central point in the spatial correlation function. This ratio will
depend on the size of the binning regions used to calculate the spatial correlation
function. If the bins are too large, the contrast will decrease, whereas the bins are
too small, the error bar will increase. The SNR should be maximized when the
binning size matches the speckle size in the horizontal and vertical directions.
Optimization of the horizontal bin size yielded an optimum value of approximately 1 pixel (30µm). For vertical binning, the SNR was optimized for a bin size
of approximately 8 pixels. If b0 is the optimal bin size, we expect the SNR to vary
p
p
approximately as b/b0 for b < b0 and as b0 /b for b > b0 . Here b is the bin size.
In order to measure dynamics at delay times longer than 10ms, cross-correlation
functions were calculated as a function of frame offset. This method is essentially
identical to traditional XPCS but is more amenable to dealing with the scattering
stored as a list of photon positions, rather than as intensity values binned into pixels.
An alternative would be to place the photons into the nearest pixel and proceed with
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a standard XPCS analysis. This would, however, have had two disadvantages; first,
the photons positions determined from the center of mass of the charge droplets can
be located to better resolution than the size of a pixel, thus replacing the photons
into pixels would throw away this information. Second, binning the data into histograms allows for optimizing the speckle size as an ellipse, whereas binning pixels
together forces the speckles to be approximated by rectangular regions.

4.2.3

Dynamic Light Scattering

DLS differs from XPCS mainly because of the larger wavelength (633nm) that
is being used to probe the structure and dynamics of different suspensions. As a
result, DLS can probe larger length scales compared to XPCS. One disadvantage
of DLS is that it suffers from multi-scattering effects which are predominant when
studying concentrated suspension, like concentrated α-crystallins. In this work, the
−1

accessible q vector range for the DLS instrument is 0.0013 Å

−1

to 0.002 Å , which

is around 20× smaller than the accessible q vector range in XPCS. Thus XPCS
and DLS combined gives probes a very wide range of lengths scales. In DLS we
place a point detector (usually a photo-multiplier tube) with an aperture roughly
the size of a speckle (∼ 100µm) so that we can detect a good signal to feed the
autocorrelator. Aperture size affects the ratio of coherently scattered light to the
detected light. In case of DLS and XPCS, the coherence area is defined as the area
that surrounds a point in space or the area over which the phase of the scattered
light does not differ enough to cause destructive interference, basically the area over
which there is a bright speckle of light. The bright speckle is surrounded by dark
regions represented by destructive interference. As a result of the random movement
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of scattering particles in the sample, the bright and dark regions fluctuate in time.
Consequently, the registered intensity on the detector will fluctuate in time as the
speckle pattern changes according to the time-varying spatial arrangement of the
scattering particles in the sample under investigation. The output of the photodetector yields a pulse of equal width and height for each detected photon. The
pulse rate will be high for high intensities and low for low intensities. These pulses
are then fed into a digital point correlator. Since we are using a point detector, we
cannot study multi-speckle dynamics in DLS unless we commission an area detector
that will simultaneously follow the time fluctuations of several speckles. In the
regime of equilibrium dynamics, we can replace the ensemble average with a time
average and get the intensity autocorrelation function g2 , with a point detector
attached to a digital autocorrelator.

g2 (τ ) =

4.2.3.1

< I(q, t) I(q, t + τ ) >
< I(q) >2

(4.34)

Experimental Details

α-Crystallin stock solutions having concentrations 325.0mg/ml, 282.2mg/ml,
227.5mg/ml, 170.6mg/ml, 111.5mg/ml, 48.92mg/ml, 28.44mg/ml, and 4.72mg/ml
were used for the DLS study. All concentrations were transparent at the ambient
temperature of 250 C. For higher concentrations it was extremely hard to obtain
adequate sample volume. In general for DLS experiments, we require 70-100µl of
sample, which was carefully loaded into 5mm outer diameter NMR tubes (Wilmad
Lab Glass, NJ) with the help of a syringe. However, for the highest concentration
(325mg/ml), when the sample became too viscous, a fixed-volume microdispenser
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was used to load the sample to the NMR tube. The DSL measurements were performed using a BI-200SM goniometer setup (Brookhaven Instruments, NY) and
the normalized intensity autocorrelation functions, g2 , were measured using the BI9000AT Digital Autocorrelator (Brookhaven Instruments, NY) with 200 channels
(Fig. 4.7).

Figure 4.7: Dynamic light scattering setup at NIU. The setup can be used to study
the diffusive motion of α-crystallins at shorter q vectors. Left: PMT, Center: sample
chamber.
The temperature of the samples was controlled by a circulating water bath with
a temperature stability of 0.10 C. A 632.8nm He-Ne gas laser with a power output
of 44mW was used for the above DLS measurements. At the beginning, measurements were done at three scattering vectors corresponding to 850 , 900 and 950 and
at three temperatures, 50 C, 100 C and 200 C. The highest temperature was set close
to the physiological body temperature of mammals, which is 370 C. Temperature
was decreased starting from the highest value. Later on, three samples (325mg/ml,
227.50mg/ml and 48.92mg/ml) were selected to check for the integrity of the autocorrelation function as temperature was decreased from 350 C to 200 C and then
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increased back to 350 C. In addition, again three samples (325mg/ml, 170.60mg/ml
and 4.72mg/ml) were studied to determine if there is any wave-vector dependence
on relaxation time/diffusion coefficient. The previous sample temperatures 50 C,
100 C and 200 C were repeated but with a wider range for the scattering angle, from
600 to 1200 . Again, the temperature was decreased starting from the highest value.
The results are discussed in Chapter 5.

CHAPTER 5
RESULTS AND CONCLUSIONS

The first part of this chapter will be dedicated to presenting both static and
dynamic measurements for α-crystallins.
The static measurements were obtained using SAXS as described in Section
4.2.1. The time-averaged intensity profiles, I(q), obtained from the static X-ray
measurements are compared with a poly-dispersed hard sphere model [66, 67] where
the radius is fixed at 9nm, which is the average radius of α crystallin subunits.
Under physiological conditions, the crystallins inside the lens, including α-crystallins,
behave as a glassy system [68]. In this regard, the dynamic measurements made using DLS and XPCS have been compared with the free volume interpretation of the
glass transition, as described by Poon et al. [41] and Doolittle [69].
In the second part of this chapter, I provide some insight to why our measurements from concentrated α-crystallin deviate from the theoretical predictions of
glassy systems.

5.1

Results from α-Crystallin Measurements

Static and dynamic measurements on α-crystallin samples with increasing concentration (volume fractions) were measured during five experimental runs at the
APS. The entire research project spanned almost five years with experimental runs
in August 2011, March 2012, February 2013, December 2013 and August 2014.
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For the α-crystallin samples prepared prior to the December 2013 run, 20mMDTT
(Dithiothreitol) was added as a radical scavenger [59] (anti-oxidant behavior) to
mitigate radiation damage of proteins. Starting with the December 2013 run, instead of DTT, 10mM of vitamin C (ascorbic acid) was added. Vitamin C provides a
dual protection for proteins against unfolding and protection against damage due to
photo-chemical oxidation, basically where vitamin C acts as a free radical scavenger
[70].

5.1.1

Synchrotron Small-Angle X-Ray Scattering Results

One of the reasons for SAXS measurements is to find the intensity peak associated with the time-averaged intensity profile, I(q), for each α-crystallin sample. The
q value corresponding to the intensity peak for each sample is used to position the
FastFCCD1 such that it measures the maximum scattered intensity. In addition,
the q value at peak position corresponds to length scales that are comparable to the
primary intermolecular spacing of α-crystallins in solution.
Raw SAXS data was obtained as described in Section 4.2.1 using a PI area
detector. The background from the buffer was subtracted from the raw data prior
to further analysis. However, at large q values intensity from the buffer was a
constant with little to no effect on the scattering profile (Fig. 5.1).
Fig. 5.2 depicts the time-averaged intensity profiles of three different concentrations of α-crystallins at room temperature, 250 C. The samples are from the March
2012 run and include DTT as the radical scavenging agent. The figure clearly shows
a peak in the intensity profiles as the protein samples become more concentrated
(increase in volume fraction). We notice that with increasing concentration the in-
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Figure 5.1: Raw SAXS data, before and after buffer subtraction. The profile before
subtraction, (Black circles), the profile after subtraction (Blue), and profile of the
buffer (Red). α-Crystallin sample at 250 C with φ = 0.52.
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Figure 5.2: Time-averaged intensity profiles for α-crystallin at 250 C. BLACK (φ
=0.58), BLUE (φ = 0.52) and GREEN = (φ =0.12). φ denotes the volume fraction
of α-crystallins.
tensity peak shifts to higher q values (Fig. 5.2). As the sample gets concentrated,
α-crystallin molecules become tightly packed and their correlation length decreases.
Since the correlation length is inversely proportional to the scattering vector, an
increase in value is observed.
Since the inter-particle interactions of a system are determined by the static
structure factor, S(q), it is the more important parameter than I(q).
S(q) is defined as,
Z
S(q) = 1 + n

(g(r) − 1)eiq•r dr3 ,

(5.1)

where n is the density of the scattering particles and g(r) is the pair correlation
function. S(q) can be determined by the following equation:

I(q) = A P (q)S(q),

(5.2)
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where A is a proportionality constant and P(q) is the atomic form factor, which
describes how an isolated atom scatters incident waves. Experimentally, P(q) is just
the time-averaged intensity profile of an extremely diluted α-crystallin suspension
(φ < 0.1). In order to obtain S(q), we simply divide the specific I(q) by the atomic
form factor for α-crystallins.
The S(q)’s shown in Fig. 5.3 correspond to the I(q)’s shown in Fig. 5.2. From the
two figures, it is clear that the peak position (Q) does not change when transforming
I(q) to S(q).

Figure 5.3: Static structure factor, S(q) profiles for α-crystallin samples shown in
Fig. 5.2. BLACK (φ = 0.58), BLUE (φ = 0.52) and GREEN = (φ = 0.12). φ
denotes the volume fraction of α-crystallins.
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One of the simplest models to explain particle interaction is the so-called hard
sphere (HS) model whose inter-particle potential, V (r), is infinite when r is less
than the hard core diameter and zero otherwise.

V (r) =




∞, if r < σ


0,

(5.3)

if r > σ

where σ is the diameter of the hard sphere.
Recently, it has been shown that the interactions between α-crystallins can be
modeled by a slightly poly-dispersed hard sphere model [68]. Consequently, we fit an
analytical S(q) function derived for the poly-dispersed hard sphere model by Griffith
et al. [67]. In that paper, the poly-dispersity has been incorporated into the hard
sphere system by introducing a continuous particle size distribution that varies as a
Γ function. The analytical function for the S(q) as described in [67] was multiplied
by the atomic form factor, P(q). The product was used in a fitting routine to fit to
the experimental I(q) data. The fitting routine was executed by varying the volume
fraction (φ), particle diameter (σ), the poly-dispersity of the sample and a vertical
scaling parameter, A. The routine could only fit to the data points in the central
(peak) region of the I(q) profile as shown in Figs. 5.4 and 5.5. From the fit we
extract the volume fraction, φ, for the corresponding peak position Q of I(q).
As a result, fitting to the peak region of I(q) provided a method to relate protein
volume fraction, therefore concentration

1

to the peak position, Q of the I(q) pro-

file. By plotting the volume fraction φ against Q, a linear relationship is obtained
1
Concentration can be obtained from φ/c, where c is the partial volume fraction for α-crystallins
which is around 1.7 × 10−3 ml/mg [71] and φ is the sample volume fraction.
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Figure 5.4: Poly-dispersed hard sphere fit for the central part of the I(q) profile for
−1
a concentrated α-crystallin sample. For Q = 0.042 Å , the best fit values : φ =
0.52 ± 0.02 and r = 8.7 ± 0.4 nm.
between the two parameters (Fig. 5.6), and mathematically, the relationship can be
represented by,

φ = 23 Q − 0.42

(5.4)

−1

where Q is the peak position (in Å ) and φ is the volume fraction of proteins in
the sample.
The lower volume fractions obtained in this method were consistent with concentration values obtained from UV/Vis spectroscopy. Determining concentration of
higher volume fractions was more difficult; the fit values for the higher protein volume fractions were not consistent with values obtained from UV/Vis spectroscopy
even after controlled dilutions. We believe for higher volume fractions, measurement
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Figure 5.5: Poly-disperse hard sphere fit for the central part of the I(q) profile for
−1
α-crystallin sample. For Q = 0.029 Å , the best fit values : φ = 0.25 ± 0.01 and r
= 8.8 ± 0.6 nm.

Figure 5.6: Volume fraction vs. peak position, Q for α-crystallin at 250 C. An
unknown volume fraction or concentration can be estimated if the peak position is
known.
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errors due to minute sample volume and reduced solubility of proteins as they form
gel-like state could well have been the the reason for the inconsistency.

5.1.2

Dynamic Light Scattering Results

As described in Section 4.2.3, DLS autocorrelation functions, (g20 ) of the scattered
light from α-crystallin suspensions were measured as a function of concentration and
temperature (Fig. 5.7).
According to Fig. 5.7, we see a two-stage decay that is characteristics of α and
β relaxation modes, typical characteristics when approaching a glass transition. In
this case, the dynamics of dilute samples can be successfully modeled by a single
exponential fit, whereas the two-stage decay of the more concentrated samples can
only be modeled by a double exponential fit. At this point we require a more detailed interpretation in terms of glass transition theories such as the free volume
theory [69]. The two-step decay for concentrated α-crystallin samples is an indication that they behave as glassy systems (which we will attempt to show in the next
section. This supports the fact that concentrated α-crystallins have certain features of glassy systems like short-range order (important for lens transparency)and
arrested dynamics.
In DLS, one can change the scattering vector, q, quite easily. This can be done by
rotating the goniometer arm of the DLS setup (Fig. 4.6), which results in changing
the angle between the incident laser beam and the scattered beams. As a result, q
changes with θ according to,

q = 4π sin(θ)/λ,

(5.5)
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Figure 5.7: g20 vs. delay time (ms) from DLS measurements of α-crystallin at 250 C.
Scattering angle was 900 .
where 2θ is the angle between the incident beam and scatted beams and λ the
wavelength. Measuring the relaxation dynamics as a function of scattering angle
can be used to check if a particular sample exhibits diffusive motion or not.
Dilute suspensions of spherical particles execute Brownian diffusion with an intermediate scattering function that can be modeled by the simple exponential decay
[26, 27], f (q, τ ) = e−Γ|τ | , where Γ is the relaxation rate. The relaxation rate varies
linearly with q2 , and the proportionality constant is the diffusion coefficient, D.

Γ = D q2

(5.6)

Thus a plot of relaxation rate Γ vs. q2 is a way of examining if the dynamics of
a system are diffusive or not. In Fig. 5.8, relaxation rate (Γ) obtained from DLS
measurements for a dilute α-crystallin sample has been plotted against q2 for three
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Figure 5.8: Γ vs. q 2 from DLS measurements for α-crystallin (φ = 0.008) for three
temperatures. Angle θ was varied to change q.
temperatures. The observed linear variation between Γ and q2 signifies diffusive
motion among the sparsely dispersed protein molecules in the solution.
However, for a concentrated α-crystallin sample such as one with φ = 0.25, the
dependence of Γ is not linear with q2 as seen in Fig. 5.9. Clearly the system does not
exhibit diffusive motion. The resulting dynamics depend on the scattering vector q
and may include new information about dynamics as a function of q. Furthermore,
since the crystallin molecules are closer together, more multiple scattering events
could could interfere with the real dynamics of the system.
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Figure 5.9: Γ vs. q 2 from DLS measurements for concentrated α-crystallin (φ =
0.25) for three temperatures. Angle θ was varied to change q.

5.1.3

X-Ray Photon Correlation Spectroscopy Results

XPCS measurements were first carried out on polystyrene latex spheres (r =72nm)
in glycerol. As previously described by us [38], the latex suspension was obtained
in water and after mixing it with glycerol the water was evaporated in a rotary
evaporator by spinning the sample for a minimum of 8 h at 750 C. After removing
residual water, XPCS measurements were made on a sample of 8% volume fraction latex suspension. We use the latex sphere system as the reference sample for
the XPCS measurements. An important assumption is that for latex at very low
temperatures, the dynamics are slow enough we can resolve the full contrast of the
latex correlation function. Knowing the full contrast value is important since it is
a fixed value that only depends on the beam line optics. Fig. 5.10 shows the corre-
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lation function (g20 ) vs. delay time for the calibration latex sample. The viscosity
of glycerol has a strong temperature dependence and varies by over a factor of a
thousand over the range of temperatures measured. Thus, we vary the temperature
of glycerol and observe the change in relaxation time. The blue data points on
Fig. 5.10 show the correlation function at −180 C. In this case the latex spheres
diffuse very slowly, resulting in a long decay time of 0.48s that can be obtained by
fitting a simple exponential decay function. As the sample is heated to 420 C, the
thermal agitation results in faster movement of the latex spheres. This results in a
faster relaxation that is beyond the resolution power of the detector and results in
a flat line as the correlation function. Since the latex suspension is dilute, one can
use the Stokes-Einstein diffusion equation to theoretically determine the relaxation
time for the two temperatures. The Stokes-Einstein equation is given as,

D=

kB T
,
6πηr

(5.7)

where η is viscosity of glycerol, and r is the radius of the latex spheres. Furthermore,

τ=

1
.
D q2

(5.8)

From Eq. 5.8 a theoretical value for the relaxation time can be calculated. For
example, for the correlation functions shown in Fig. 5.10, when the latex sample is
at −180 C, Eq. 5.8 yields an estimate of 0.45s, against experimental value of 0.48s.
For the latex sample at 420 C, Eq. 5.8 predicts a value of 0.0036s (or 3.6ms), which
is beyond the resolution of the detector. In conclusion, for dilute latex suspensions,
the dynamics as a function of the temperature can be well described by the StokesEinstein equation.
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Figure 5.10: Correlation function (g20 ) vs. delay time for 8% volume fraction latex
in glycerol taken at two different temperatures. The black solid line is the simple
exponential fit.
Like with the latex samples, XPCS measurements have been made on α-crystallin
suspensions for different volume fractions at room temperature (250 C). For example,
Fig. 5.11 shows a g20 curve for α-crystallin sample measured in August 2011, with
volume fraction φ = 0.57 at 250 C. In order to reduce X-ray damage, DTT was
added to the crystallin sample. The X-ray beam was focused in the vertical direction
by using an X-ray-sensitive lens system. The shortest delay time (20ms) corresponds
to the time between two consecutive frames in the detector (in this case, it was the
FastCCD1). In this case, the absorbed dose for the total exposure time of 1s was
around 6.73 × 104 Gy.
The other correlation function shown in Fig. 5.12 is for an α-crystallin sample
measured in August 2014, with volume fraction φ = 0.66 at 250 C. In order to reduce
X-ray damage on this sample, vitamin C was added; in addition, the sample was
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Figure 5.11: Correlation function (g20 ) vs. delay time for α-crystallin with φ = 0.57
at 250 C. DTT was added as the radical scavenger. Sample stage was not moved.
The black solid line is the simple exponential fit to the data.
moved horizontally at 0.05mm/s. An X-ray optic was used to focus the beam in the
vertical direction. In this case the FastCCD2 was used to collect frames with a time
resolution of 4ms. The absorbed dose for the full 0.68s was around 7.57 × 103 Gy,
close to 9 x less dose than the instance shown in Fig. 5.11.
With a combination of DLS and XPCS, we can measure dynamics on both micron and nanometer length scales, resulting in measuring a broad range of transport
properties like relaxation times, viscosities, etc., which can be compared with predictions from theories pertaining to colloidal dynamics and glass transition. In the
next section we discuss the dynamics of α-crystallin suspensions as a function of
volume fraction, φ, and explain the behavior in terms of free volume interpretation
of the glass transition [69, 73].
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Figure 5.12: Correlation function (g20 ) vs. delay time for α-crystallin with φ = 0.66
at 250 C. Instead of DTT, vitamin C was used as the radical scavenger. Sample stage
was moved at a speed of 0.05mm/s.The black solid line is the simple exponential fit
to the data.
5.1.3.1

Approaching the Glass Transition

As described by Angell, upon cooling, a liquid’s viscosity increases and attains
a value of about 1013 poise at the glass transition [74]. Similarly, increasing the
concentration (or volume fraction, φ) in a colloidal suspension increases the viscosity,
and at glass transition there is a sudden divergent increase of viscosity at volume
fractions associated with the glassy phase. In colloidal systems such as small silica
hard spheres the increase in viscosity as a function of volume fraction has been
successfully described by the Doolittle equation [69, 73],


η
Dφ
= C exp
η0
φm − φ

(5.9)
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where η0 is the viscosity of the pure solvent. φm is the volume fraction corresponding
to maximum packing and C, D are numerical constants. The original Doolittle
equation was expressed as a function of free volume [69] and in Eq. 5.9 it has been
modified to account for the dependency on φ, the volume fraction. In our case,
instead of measuring viscosity via rheometry we measure the relaxation times (τ )
using DLS and XPCS techniques. We note that according to the Stokes-Einstein
diffusion equation it can be seen that τ q 2 ∝ η. As a result, Eq. 5.9 is modified as,


Dφ
τ q2
= C exp
.
τ0 q02
φm − φ

(5.10)

Since DLS and XPCS measurements were done at different scattering vectors
the relaxation times are scaled by q2 . Furthermore, the scaled relaxation times
are normalized by τ0 q02 , corresponding to the most dilute α-crystallin suspension.
Fig. 5.13 combines DLS data (short time and long time modes) with XPCS data and
provides an idea on how dynamics of α-crystallins depends on the volume fraction.
The black solid line is the modified Doolittle equation, given by Eq. 5.10, with
C = 1.00 , D = 0.960 and φm = 0.64 [75]. The blue data points represent DLS
short-time decay modes, which according to the figure do not depend on volume
fraction; they seem to maintain the same relaxation rate irrespective of the volume
fraction, φ. The black data points correspond to the long-time decay modes. For
these modes as the volume fraction is increased, the relaxation rate slows down;
in other words, the relaxation time increases as volume fraction is increased. The
behavior of DLS short and long time modes can be explained by using the concept
of cage effect. The short-time modes have almost the same relaxation rates since
inside the cage the protein molecules move without any hindrance, and this does not
depend on the protein volume fraction. However with increasing volume fraction,
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when molecules move out from the cage, they are faced with more and more nearest
neighbor particles, thus the relaxation rate slows down.
In Fig. 5.13, the XPCS data points are categorized according to their run cycle
as shown by different colors. XPCS data points, do not necessarily lie along the
fit line. This inconsistency could be explained in the following way by considering
X-ray damage to proteins. In Table 5.1, more information about protein samples
used to generated the data points in Fig. 5.13 is provided, for example, which run
the sample was used in, where it was made, whether antioxidants were added or
not, volume fraction and how it was determined, etc.

Figure 5.13: Normalized τ q 2 as a function of volume fraction, φ, close to room
temperature. The fit from Eq. 5.10 is represented by the solid BLACK curve, where
C = 1.00, D = 0.96 and φm = 0.64 [75]. The error bars shown for XPCS data points
are obtained by considering time between frames (lowest resolvable correlation time)
and the ratio of the speed of the sample stage to the coherence length (highest
correlation time).

Exp. Run

Apr 11

Apr 11

Mar 12

Mar 12

Feb 13

Feb 13

Dec 13

Aug 14(67)

Aug 14(73)

Aug 14(75)

Aug 14(77)

Aug 14(95)

Sample Code

Apr11T3

Apr11T4

Mar12T3

Mar12T4

Feb13T2

Feb13T3

Dec13T5

Aug14G7

Aug14T1

Aug14T2

Aug14T3

Aug14G8

NIU

RIT

RIT

RIT

NIU

RIT

RIT

RIT

RIT

RIT

RIT

RIT

Sample From

Vit. C

DTT

DTT

DTT

Vit. C

DTT

DTT

DTT

DTT

DTT

DTT

DTT

Antioxidant

p 26

p 23

p 22

p 20

p 17

p 146

p 129

p 131

p 110

P 106

p 164

p 141

Notebook Page

0.6610

0.5230

0.5230

0.5230

0.6587

0.6300

0.6000

0.5220

0.5759

0.5736

0.5690

0.5805

Vol. Frac.

UV spec.

SAXS

SAXS

SAXS

UV spec.

SAXS

SAXS

SAXS

UV spec.

UV spec.

UV spec.

UV spec.

Method

−1

0.0470

0.0410

0.0410

0.0410

0.0469

0.0428

0.0457

0.0440

0.0433

0.0432

0.0428

0.0435

Peak Pos. (Å )

Table 5.1: α-Crystallin Samples and their Information Part I.(Sample Temperature 250 C)
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The incident X-ray beam interacts with water molecules in the protein suspension and creates hydroxyl or hydroperoxyl radicals. These radicals then attach
to the side chains of proteins. The radical-activated proteins result in radiationinduced aggregates connected to each other by covalent bonds. We believe that these
radiation-induced aggregates result in decreasing the crystallin diffusivity thereby
increasing the relaxation time. Furthermore, by using Eq. 4.24, the average absorbed dose for the α-crystallin samples can be determined. During the most recent
experimental run (August 2014) to mitigate X-ray damage on α-crystallins several
modifications were applied to the way we measure dynamics using XPCS technique.
The modifications are as follows:
1. Mixing of vitamin C with crystallin suspension: Vitamin C is an anti-oxidant
that acts as a radical scavenger as well as provides protection against photooxidization.
2. The X-ray beam is continuously translated through the sample thereby reducing the dwell time of the beam on the sample. By increasing the translational
speed, the dwell time of the beam on the sample can be reduced; thus X-ray
damage is reduced.
3. Narrowing the vertical and horizontal slits as well as defocusing the beam
along the vertical direction will further reduce radiation-induced damage of
α-crystallins.
4. Use of the larger FastCCD2 detector instead of the FastCCD1.
The absorbed radiation dose for each crystallin sample and the respective measurement conditions are listed in Table 5.2.

H (µm)
200
200
200
200
250
250
75
120
120
120
120
60

Int.(phot/s)

2.10 × 1010

2.10 × 1010

2.50 × 1010

2.50 × 1010

7.96 × 1010

7.96 × 1010

5.80 × 1010

6.00 × 1010

6.00 × 1010

6.00 × 1010

6.00 × 1010

6.00 × 1010

Sample Code

Apr11T3

Apr11T4

Mar12T3

Mar12T4

Feb13T2

Feb13T3

Dec13T5

Aug14G7

Aug14T1

Aug14T2

Aug14T3

Aug14G8

120

120

120

120

120

200

250

250

200

200

300

300

H0 (µm)

8

30

30

30

30

20

20

20

20

20

20

20

W (µm)

30

30

30

30

30

20

20

20

30

30

30

30

W0 (µm)

2.09

2.09

2.09

2.09

2.09

2.04

2.00

2.00

1.98

1.98

2.02

2.02

L1 (m)

1.42

1.42

1.42

1.42

1.42

1.43

1.39

1.39

1.43

1.43

1.40

1.40

L2 (m)

0.05 (Vx )

0.05 (Vx )

0.025 (Vx )

0.05 (Vx )

0.05 (Vx )

0.1 (Vz )

0.0

0.0

0.0

0.0

0.0

0.0

Spd.(mm/s)

Table 5.2: α-Crystallin Samples and their Information Part II.(Sample Temperature 250 C)

7.57 × 103

2.93 × 104

1.17 × 105

1.17 × 105

1.14 × 105

2.61 × 103

7.17 × 105

7.30 × 105

1.20 × 105

1.21 × 105

6.73 × 104

6.67 × 104

Dose (Gy)
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In Table 5.2, L1 and L2 are the distances from the sample to vertical slit and
horizontal slit, respectively. Table 5.3 lists the fit parameters to the correlation
functions depicted in Figs. 5.11, 5.12 and Appendix E.
Table 5.3: α-Crystallin Fit Parameters for the Correlation Functions. (Sample
temperature 250 C)
Sample Code

Fit Contrast Fit Relx. Time

Latex Contrast Slowest Relx. Time

Apr11T3

0.036

63.0ms

0.18

1.00s

Apr11T4

0.058

40.0ms

0.18

1.00s

Mar12T3

0.108

73.0ms

0.14

1.00s

Mar12T4

0.080

46.0ms

0.14

1.00s

Feb13T2

0.058

100.0ms

0.08

1.00s

Feb13T3

0.052

204.0ms

0.08

1.00s

Dec13T5

1.0 × 10−4

68.0ms

0.04

1.00s

Aug14G7

0.050

10.0ms

0.12

0.34s

Aug14T1

0.035

250.0ms

0.12

0.34s

Aug14T2

0.057

204.0 ms

0.12

0.68s

Aug14T3

0.080

164.0ms

0.12

0.34s

Aug14G8

0.150

293.0ms

0.12

0.68s

In Table 5.3, the slowest relaxation time has been calculated by dividing the
transverse coherence length by the speed of the sample stage. For the August
2014 experimental run, we tried to reduce the absorbed dose and determine how
the relaxation time would vary for a given α-crystallin sample. Information on 12
crystallin samples are detailed in Fig. 5.13, as well as Tables 5.1, 5.2 and 5.3. In
Fig. 5.13, the most recent XPCS data points are shown as red circles. For the three
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identical samples with φ = 0.523, the relaxation time decreases with the reduction
in the absorbed dose. For example, at a dose of 1.17 × 105 Gy the relaxation
time was 250 ms. When the dose is reduced to 2.93 × 104 Gy the relaxation time
becomes 164 ms. We were only able to change the absorbed dose for the most recent
experiment that was run in August 2014 and from the results of that run it can be
speculated that when the absorbed dose is reduced, the relaxation time decreases,
supporting the X-ray damage mechanism we introduced to explain the discrepancy
of the XPCS data with the Doolittle equation as shown in Fig. 5.13.
Kuwamoto et al. [59] have shown that combined effects of adding cryoprotectants
(e.g., glycerol and glucose) and increasing sample concentration can mitigate X-ray
damage effects on the sample; for example, the measures resulted in increasing
the critical dose from 400 Gy to 2000 Gy. However in our situation, the sample
concentration is considerably higher. In addition, instead of egg white lysozyme we
used α-crystallins. Also note that instead of cryoprotectants we used vitamin C and
DTT as radical scavengers agents.

5.1.4

X-Ray Damage Issues

In this research, we have considered the limitations posed by X-ray damage to
α-crystallins. At sufficiently high fluxes, X-ray damage will directly modify the
cyrstallin structure and we have observed this damage by looking at the timeaveraged intensity profiles through SAXS and indirectly via dynamics measurements
via XPCS. Fig. 5.14 shows SAXS measurements as a function of total X-ray exposure for repeated illumination of a α-crystallin sample. The leftmost plot shows
little change to I(q) within the total 10s exposure. According to Table 5.2 this
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Figure 5.14: I(q) vs. q as a function of total X-ray exposure. For a sample with φ =
0.522 and at room temperature. The leftmost panel shows a full X-ray exposure of
10s where each curve corresponds to a 1s scan. The central panel shows a full X-ray
exposure of 100s, each scan 10s. The rightmost scan shows a full 1000s exposure,
where each scan is 100s.
represents a total absorbed dose of 7.30 × 105 Gy. The central and rightmost plots
show considerable changes to the time-averaged intensity profiles absorbing doses
equivalent to 7.30 × 106 Gy and 7.30 × 107 Gy respectively. Based on these SAXS
measurements we conclude that damage to the overall shape of the protein requires
at least 10s of X-ray exposure.
Like with SAXS, it is possible to observe damage effects on α-crystallins using
XPCS. We conducted dynamic measurements on a crystallin sample, where we observed that the first half (first 25%, 50% or the first 75%) of each batch seems to
differ from the dynamics in the second half (second 25%, 50% or the second 75%).
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This is clearly seen in the correlation function for α-crystallin sample (Fig. 5.15).
The dynamics (relaxation time) of the first part of the data set is faster compared to
the dynamics (relaxation time) of the last part. The difference in relaxation times
for the first part and the last part of the data set is again an indication that as X-ray
exposure increases, dynamics slow down, most probably due to X-ray-induced aggregation of protein molecules. However, the dynamic measurements based on XPCS
tells us that 10s limit of X-ray exposure concluded via SAXS is an overestimate and
significant changes in the dynamics happen in less time than 10s.

Figure 5.15: Correlation function of α-crystallins. BLUE line represents the first
50% of the frames in a given batch. The RED line represents the last 50% of the
frames in a given batch. The BLACK line represents the full batch. The relaxation
time becomes slower as the sample is exposed more to radiation.
Another method to quantify X-ray damage is to use SDS-PAGE (Fig. 5.16), a
technique that utilizes gel electrophoresis. A detailed description of the method is

96

Figure 5.16: SDS-PAGE panel for α-crystallin. Top view of an SDS-PAGE after
the current has been on for a while (positive pole at the bottom) and then turned
off. The gel strip has four numbered lanes. Lanes 01 and 04 are molecular weight
standards of known sizes; lane 02, α-crystallin sample what was aged and was exposed to X-ray radiation; lane 03, similarly aged sample but not exposed to X-ray
radiation. The molecular weight standards are used to measure the relative sizes of
the proteins.
provided in Chapter 2. α-Crystallin samples before and after XPCS measurements
can be studied using SDS-PAGE where the crystallins are separated according to
their size. For pure, unmodified α-crystallins, only two molecular weights (due to
αA and αB subunits) should be observed, yet we clearly observed three species in
lane 03 of Fig. 5.16. When impurities or higher molecular weight aggregates are
present, instead of two distinct molecular weights, a wide band of molecular weights
can be seen as in lane 02 of Fig. 5.16. The α-crystallin sample in lane 02 was used
to take XPCS measurements and as a result was exposed to around 105 Gy, whereas
the α-crystallin sample in lane 03 was not exposed to X-ray radiation at any time.
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Fig. 5.17 shows how the relaxation time varies with absorbed dose for α-crystallin
samples previously represented on Fig. 5.13. The XPCS measurements were done
at room temperature. The data points are obtained by a single exponential fit to
the correlation function. (See Table 5.3 for a complete list of correlation functions.)

Figure 5.17: Relaxation time vs. absorbed dose for α-crystallins close to room
temperature. Relaxation times were obtained by fitting a single exponential fit to
the data. The upper and lower limits of the relaxation times are dictated by the
error bars. The shaded region shows the approximate radiation threshold region for
concentrated α-crystallins with anti-oxidants (see text for details).

As shown in Fig.5.17, protein data sets having comparable volume fraction have
been analyzed and relaxation time plotted as a function of absorbed radiation dose.
The data points are represented by different colors to categorize them according to
the specific experimental run. For example, RED (for Aug. 2014), YELLOW (for
Dec. 2013), GREEN (for Feb. 2013), MAGENTA (for Mar. 2012) and CYAN (for
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Apr. 2011). Only in the August 2014 run did we utilize modifications to minimize
sample damage due to X-rays. Kuwamoto et al. found that even radiation doses
such as 400 Gy can clearly modify α-crystallin structure, resulting in aggregation of
proteins as detected by ultra-small-angle X-ray scattering [59]. They also found that
the threshold value of 400 Gy can be increased to 2000 Gy by adding cryoprotectants
such as glycerol, basically resulting in a 5-fold increase in the damage threshold.
However, they did not evaluate the use of anti-oxidant such as DTT or vitamin C.
By using information provided by Kuwamoto et al. [59], we can obtain an effective critical dose range for highly concentrated α-crystallins samples. For example,
like with the cryoprotectants, when anti-oxidants are introduced to the protein sample, I believe it is reasonable to assume that the damage threshold will increase by
a factor of 5. Similarly, they found that the rate of protein damage was inversely
proportional to the concentration of protein. The increase in protein concentration (i.e., less water content) increases the damage threshold by another factor of
5. Combining both effects, the damage threshold should increase by a factor of 25,
provided that our samples are highly concentrated and anti-oxidants added. As a
result, the improved threshold limit should be around 1.0 × 104 Gy.
Another approach would be to use 2000 Gy value at 4.9 mg/ml and assume
the linear dependence on protein concentration [59]. Along this line, again we can
obtain a critical dose value for a 350 mg/ml α-crystallin sample. For example, 2000
Gy * (350 mg/ml/4.9 mg/ml) = 1.6 × 105 Gy.
The above two values define a range for the critical absorbed dose, that is the
range between 1.0 × 104 Gy and 1.6 × 105 Gy for concentrated α-crystallin samples.
We believe this range is reasonable to be considered as the critical dose range suitable
to study dynamics of α-crystallins without significantly modifying their structure

99
and functionality. In Fig. 5.17 the shaded region represents the critical absorbed
dose range for concentrated α-crystallins with anti-oxidants added.

5.2

Conclusions

It is known that concentrated α-crystallin solutions can be modeled by a slightly
poly-dispersed hard sphere model and that α-crystallin shows glassy dynamics close
to volume fractions of 57% [29, 68]. Overall, XPCS is a challenging technique,
yet we believe that it is sensitive to the dynamic properties of a system (in our
case, α-crystallin suspensions) rather than just static structure. This is something
very significant. In this work we have proposed XPCS as a method to study the
dynamics of α-crystallins at short length scales for a range of concentration (or
volume fractions) near where we expect the liquid-glass dynamic phase transition
to occur in a comparable hard-sphere colloidal system. In our study of dynamics
of α-crystallins using XPCS and DLS, we have observed that the experimental
results deviate from the predictions of a slightly poly-dispersed hard sphere model.
However, we believe that X-ray damage to α-crystallins may be attributed to the
aforementioned deviation. As a result, by using several techniques we were able
to lower the absorbed dose by a factor of almost 100 while keeping the correlation
functions at an acceptable signal so that it can be resolved. From Fig. 5.17, it can be
seen that for low doses below the critical dose range, the relaxation time decreases.
However, not enough data points are there to firmly arrive at a conclusion. We
also introduced SAXS, XPCS and SDS-PAGE as tools to identify X-ray damage.
We have shown that, though XPCS is extremely difficult as a technique, it can
be successfully used to study dynamics of biological systems. Another possibility
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of the deviation from the expected hard sphere behavior may be related to the
subunit exchange of α-crystallins. This phenomenon is well documented in literature
[76]. The average oligomers of α-crystallin consist of an average of 40 subunits that
undergo continuous rearrangements via the exchange of subunits.
Finally, damage induced due to X-ray radiation is a major obstacle when studying physical properties of biological systems using synchrotron X-rays. As a result,
extreme care has to be taken before, during and after the X-ray experiments [77]. In
this regard, we introduced anti-oxidants such as vitamin C into the protein suspension to inhibit initiation of radical reactions when the sample is exposed to X-ray
radiation. Several α-crystallin samples having comparable concentrations were selected and their dynamics were studied using XPCS at room temperature. The
resulting correlation functions were fitted with single exponential fits and the relaxation times were extracted. The absorbed dose for each sample was estimated using
Equations 4.31-4.33. As mentioned earlier, the results are shown on Figs. 5.13 and
5.17. Our hypothesis was that if the samples are not damaged due to X-rays, their
dynamics would not change in a significant way; however, as the dose was increased
we did not see a monotonically increasing or decreasing behavior of dynamics. Unfortunately, we were unable to expose the samples for the critical doses mentioned by
Kuwamoto et al.[59]. Also, using XPCS as a tool to quantify damage is extremely
difficult and prone to errors, especially because of the fact that since we need to
study dynamics, where the coherence has to be preserved, which is highly sensitive
to the parameters that we are changing in order to manipulate the dose. As a result,
I propose a much simpler and well-established method to characterize the damage
using SAXS instead of XPCS [59]. In SAXS, since time-averaged intensity profiles
are considered, it is less difficult than XPCS; however, SAXS experiments should
be done in a beam line which is optimized to probe shorter q values where one can
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check for protein aggregation, a tell-tale sign of X-ray-induced damage. By employing these essential techniques we can minimize or omit X-ray-induced damage,
thereby providing a clearer picture about dynamics of α-crystallin mixtures.
In conclusion, no XPCS measurements to date have been successfully performed
on biologically relevant systems such as diffusing proteins. From this research work,
we have identified three main challenges: One being the fast diffusion times of proteins, due to the water content in the protein mixtures. For the most part these
diffusive dynamics are beyond the time resolution of currently available X-ray detectors. The difficulty in preparing protein samples, especially the highly concentrated
samples, is another major challenge. The susceptibility of biological material to ionizing radiation is also a major obstacle. However, we have made significant progress
in all these areas. This included the development of a new fast X-ray detector for
millisecond time resolution, the incorporation of X-ray focusing elements to optimize
coherent flux, the development of speckle visibility spectroscopy (SVS) to potentially
achieve sub-millisecond resolution with a fast X-ray detector and the development
of protocols for performing dynamics measurements simultaneously with continuous
sample motion to minimize X-ray damage. We have also investigated the effects of
anti-oxidants and preservatives such as DTT, vitamin C and sodium benzoate (to
inhibit bacterial growth).
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APPENDIX A
RECIPE FOR THE PHOSPHATE BUFFER
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Table A.1: List of Chemicals and their Mass Needed to Make Four Liters of 50 mM
Phosphate Buffer at 8.6 pH.
Molarity
Chemical Name
Amount(g)
0.034 M
N a2 HP O4 (Disodium Hydrogen Phosphate)
19.30
0.016 M N aH2 P O4 (Monoisodium Hydrogen Phosphate)
8.83
2.5 M
DT T (Dithiothreitol)
1.50
1.0 M
EDT A (Ethylenediaminetetraacetic acid)
1.48
0.2 M
N aCl (Sodium Chloride)
46.75
0.02 %
N aC7 H5 O2 (Sodium Benzoate)
0.80

Table A.1 is (Table. A.1) the recipe for preparing the phosphate buffer. The pH
value of the buffer is very important as it is related to the ionic strength and bead
type in the SEC gel column. The amount of chemicals given in the recipe is to be
mixed with 4 L of Milli-Q water. The container should be filled with 3L of Milli-Q
water before the chemicals are added and a liter of Milli-Q water afterwards.
The presence of EDTA serves to inhibit protease action, DTT acts as an antioxidant, and N aC7 H5 O2 has anti-bacterial qualities.

APPENDIX B
SOLUTIONS REQUIRED FOR SDS-PAGE
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Solutions Required.
1. 100 ml of 10 mM of Tris/HCl buffer with 1 mM EDTA, pH 8.0.
2. 10 ml of 10% SDS (1 gram SDS in 9 ml of Milli-Q water).
3. 5 µl β-mercaptoethanol.
4. 10 ml of 0.2% bromophenol blue (20 mg bromophenol blue in 10 ml Milli-Q
water).
5. 200 ml of Coomassie Blue staining solutions. Dissolve 1 tablet of PhastGel Blue
R in, 80 ml Milli-Q water, and stir for 10 minutes. Add 120 ml of methanol
and stir for 3, minutes.
6. 600 ml of destaining solution - Mix 360 ml Milli-Q water, 60 ml glacial acetic
acid and 180 ml methanol.
7. 200 ml of preserving solution - Mix 160 ml Milli-Q, 20 ml glacial acetic acid
and 20 ml glycerol.

APPENDIX C
BLOCK DIAGRAM FOR FASTCCD1

Figure C.1: A detailed block diagram showing the specific components of the fastCCD1.Courtesy: J.Weizeorick, APS
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APPENDIX D
PROCESSING OF PHOTON DATA

Figure D.1: A detailed block diagram showing the specific processes from data collection to data display from APS end
to NIU end.
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APPENDIX E
INTENSITY AUTOCORRELATION FUNCTIONS OF
α-CRYSTALLIN SAMPLES
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Figure E.1: g2 (τ ) vs. delay time for α-crystallin sample, approximately 340 mg/ml.
See Table. 5.1

Figure E.2: g2 (τ ) vs. delay time for α-crystallin sample, approximately 335 mg/ml.
See Table. 5.1
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Figure E.3: g2 (τ ) vs. delay time for α-crystallin sample, approximately 337 mg/ml.
See Table. 5.1

Figure E.4: g2 (τ ) vs. delay time for α-crystallin sample, approximately 339 mg/ml.
See Table. 5.1
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Figure E.5: g2 (τ ) vs. delay time for α-crystallin sample, approximately 307 mg/ml.
See Table. 5.1

Figure E.6: g2 (τ ) vs. delay time for α-crystallin sample, approximately 350 mg/ml.
See Table. 5.1
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Figure E.7: g2 (τ ) vs. delay time for α-crystallin sample, approximately 343 mg/ml.
See Table. 5.1

Figure E.8: g2 (τ ) vs. delay time for α-crystallin sample, approximately 317 mg/ml.
See Table. 5.1
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Figure E.9: g2 (τ ) vs. delay time for α-crystallin sample, approximately 307 mg/ml.
See Table. 5.1

Figure E.10: g2 (τ ) vs. delay time for α-crystallin sample, approximately 307 mg/ml.
See Table. 5.1
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Figure E.11: g2 (τ ) vs. delay time for α-crystallin sample, approximately 307 mg/ml.
See Table. 5.1

Figure E.12: g2 (τ ) vs. delay time for α-crystallin sample, approximately 345 mg/ml.
See Table. 5.1

